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METHOD OF DNA SHUFFLING WITH POLYNUCLEOTIDES PRODUCED 
BY BLOCKING OR INTERRUPTING A SYNTHESLS OR AMPLIFICATION 

PROCESS 

Field of (he Invention 

5 This invention relates generally lo the field of molecular biology and more 

specifically to the preparation of polynucleotides encoding polypeptides by generating 
polynucleotides via a procedure involving blocking or interrupting a synthesis or 
amph'fication process with an adduct. agent, molecule or other inhibitor, assembling the 
polynucleotides to form at least one mutant polynucleotide and screening the mutant 
10 polynucleotides for the production of a mutant polypep:ide(s) having a particular useful 
property. 

Ocscripiion of the Related An 

An exceedingly large number of possibilities exist for purposeful and random 
combmations of amino acids vnthin a prc'.eia to produce useful mutant proteins and their 

15 corresponding biological molecules encoding for the mutant proteins, i.e., DNA, UNA, 
etc. Accordingly, there is a need to prodijce and screen a wide variety of such mutant 
proteins for a useful utility, par.icubrly widely var\'ing random proteins. 

The following general Ciscussion of protein and polynucleotide fields may be 
helpful in further understanding the background for the present invention. 

20 The complexity of an active sequence of a biological macromolecule, e.g.. 

proteins, DNA etc., has beim called its information content ("IC"; 5-9), which has been 
defined as the resistance of the active protein to amino acid sequence variation 
(calculated from the minimum number of invariable amino acids (bits)) required to 
describe a family of related sequences v,-iih the same function. Proteins that arc more 

25 sensitive to random mutagenesis have a hi^zh iniorrnaiion content. 

Molecular biology developmenis such as molecular libraries have allowed the 
identification of quite a large number of variable bases. 2nd even provide ways to select 
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functional sequences from random libraries. In such libraries, most residues can be 
varied (although typically not all at the same time) depending on compensating changes 
in the context. Thus, while a 100 amino acid protein can contain only 2,000 different 
mutations, 20''^ combinations of mutations are possible. 
5 Information density is the Information Content per unit iengtJi ofa sequence. 

Active sites of enzp,fmes lend to have a high information density. By contrast, flexible 
linkers of information in enzymes have a low information density. 

Current methods in widespread use for creating mutant proteins in a librarx' 
fomiat ore error-prone polymerase chain reactions and cassette mutagenesis, in which the 
10 specific region to be optimized is replaced wilh a synthcticaHy mutagenized oligonucleo- 
tide, in both cases, a cloud of mutant sites is gencra'.ed around certain sites in the 
original sequence. 

Error-prone PGR uses low-fidcl;:)- pofyrr.cnzation condilions to introduce a 
low level of point mutations randomly over a long scc jcncc. In a mixture of fragments 

15 of unknown sequence, error-prone PCR can be used :3 mutagenizc the mixture. The 
published error-prone PCR protocols suffer from a low proctissivity of the polymerase, 
'ilieretbrc. the proloco! is unable to result in the randon^. nnutagcnciis of an average-sized 
gene. Thjs inability limits the praclicai application of error-prone PCP.. Some compuier 
simulations have suggested that pomt mut:igencsis aionc rnay often be too gradual to 

20 allow th^ lar^c-scalc block changes tha; are rccinrcd for continued and dramatic 
sequence evolution. Further, the published error-pror^e PGR. proiocols do not allow for 
amplificaficn of DNA fragments greater iha;i 0.5 lo 1.0 kb. limiting their practical 
application, in addition, repeated cycles of error-prone PCR can lead to an accumulaiion 
of neutral mutations with undcsired rcsiiiis -- such as affecting a protein's 

25 immunogenicuy but not its bindmg affmity. 

In oligonucleolidc-Girected mutagenesis, a short sequence is replaced with a 
synthetically mutagenized oligonucleotide. This app:o:.:h does not generate combina- 
tions of distant mutations and is thus not combina'.or;:^':. The limited library size relative 
to the vast sequence length means that many rounJs of .selection are unavoidable for 

30 protein optimization. Mutagenesis with syTiihciic ol;c j:^'i::lcotidcs requires sequencing 
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of individual clones after each selection round followed by grouping them into families, 
arbitrarily choosing a single family, and reducing it to a consensus motif. Such motif is 
res>Tiihesized ar.d reinserted into a single gene followed by additional selection. This 
step process constiOites a statistical bottleneck, is labor intensive, and is not practical for 
many rounds of mutagenesis. 

Error-prone PGR and oligonucleotide-dirccted mutagenesis are thus useful 
for single cycles of sequence fine tuning, but rapidly became loo limiting when they are 
applied for multiple cycles. 

Another serious limitation of error-prone PGR is that the rate of down- 
mutaiions grows with the information coiitcni of (he sequence. As the information 
conicnt. library size, and mutagenesis rate mcrensc, the balance of down-mutations to up- 
mutations will statistically prevent the selection of funhcr improvements (statistical 
ceiling). 

In cassette mutagenesis, a sequence block of a single template is typically 
replaced by a (partially) randomized sequenc- Tncrefore. the maximum information 
content that can be oblained is statistically l:mi:ed by the number of random sequences 
(i.e.. librapv' size). This eliminates other sequence families which arc not cunrently best, 
but which may have crcaicr long term potential. 

Also, mutagenesis witli syniheiic oligonucleotides requires sequencing of 
mdividual clones after each selection ro'.:nd. Thus, such an approach is tedious and 
impractical for many rounds of mutaccr.e;.;5. 

Thus, error-prone PGP. and cassette muiagencsis are best suited, and have 
been widely used, for fme-tuning areas of connparaiively low information content. One 
apparent exception is the selection of an PJ^^A Hgase ribozyme from a random library 
using many rounds of amplification by errcr-prone PGR and selection. 

it is becoming increasmgly clear that the tools for the design of recombina-it 
Hnear biological sequences such as protein, RNA ar^d DN.A arc not as powerful as the 
tools nature has developed. Finding better nj^.d bet::: nvatants depends on searching more 
and more sequences wilhm larger and larger libraries, and requiring increased numbers 
of cycles of mutagenic amplification and selection. However as discussed above, the 
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existing mutagenesis methods that are in widespread use have distinct limitations when 
used for repeated cycles. 

In nature the evolution of most organisms occurs by natural selection and 
sexual reproduction. Sexual reproduction ensures mixing and combining of the genes 
5 in the offspring of the selected individuals. During meiosis, homologous chromosomes 
from the parents line up with one another and cross-over pan way alone their length, thus 
randomly swapping genetic material. Such swapping or shuffling of the DNA allows 
organisms to evolve more rapidly. 

In sexual recombination, because the inserted sequences were of proven 
10 utility in a homologous environment, the inserted sequences are likely to still have 
substantial information content once they arc mscncd into the new sequence. 

Marton et al. describes the use of PCR in vi:rn to monitor recombination in 
aplasmid having directly repeated sequences. Kbnor/ei al. disclose thai recombination 
will occur during PCR as a result of breaking or n:ckir.^ of the DNA. This will give ris:r 
15 to recombinant molecules. Meyerhans el aL ai,c disclose the existence of DNA 
recombination during in vitro PCR. 

The lemi Applied Molecular Evoiur.on ("AMF") means the application of an 
evolutionnPr' design algorithm to a specif::, useful goal. While many dinercnl libran' 
formai5 for AiVlE have been reported for polynucleotides, peptides and protcms (phage. 
20 incl and polysomes), none of ihesr for:rij;s n n c provided for rccnrr.bination b\' random 
cross-overs to deliberately create a cornb:n:i:on^i !;brar>'. 

Theoretically there arc 2,000 ditfcreni s:nglc muianls of a 100 amino acid 
protein. However, a protein of 100 amino acids has 20'''" possible combinations of 
mulalions. a number which is too laree to exhaustively explore by conventional methods. 
25 h would be advantageous to develop a system which would allow generation and 
screenine of all of these possible combination mu*2*.lor.s. 

Some workers m the an have utilized :s, r: v:vo site specific recombination 
system to combine light cham antibody gene> 'a:::: :r:a'.7 chain antibody genes for 
expression irt a phage system. However, iheir 5VN'.e,-r^ relics on specific sites of 
30 recombination and is limited accordmgly. Simui:a"eou:; mutagenesis of antibody CDR 
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regions in single chain antibodies (scFv) by overlapping extension and PCR have been 
reported. 

Others have described a method for generating a large population of multiple 
mutants using random in vivo recombination. However, their method requires the 

5 recombination of two different libraries of plasmids, each library having a different 
selectable marker. Thus, their method is limited to a finite number of recombinations 
equal to the number of selectable markers existing, and produces a concomitant linear 
increase in the number of marker genes linked to the selected scquence(s). 

In vivo recombination between two homologous but truncated insect-toxin 

0 genes on a plasmid have been reported as also being capable of producing a hybrid gene. 
Tlic in vivo recombination of substantially mismatched DNA sequences in a host cell 
having defective mismatch repair enrymes, resulting in hybrid molecule fonnation has 
been reported. 

As discussed above, prior methods for producing random proteins from 
5 randomized genetic material have met with limited success. Perhaps the best method, 
thus far. for producing and screening a wide variciy of random proteins is a method 
which utilizes enzymes to cleave (chop) a long nucleotide chain inlo shorter pieces 
followed by procedures to separate the choppm^ agents from the genetic material and 
procedures to amplify (multiply the copies oO the remaining genetic material in a manner 
J that allows the annealing of the polynucleotides back into chains (either purposefully or 
randomly put them back together }. 

A drawback to this method is the expense and inconvenience of utilizing 
biological enzymes to chop up the genetic material, '«vhich are then separated from the 
genetic material prior to the amplification step. Further, depending upon the particular 
5 genetic material, different conceniraiions of the chopping agents are required to produce 
the desired fragments. Moreover, the control m/echanisms required for biological 
cnT^TTics are not trivial. 

Accordingly, there is a need in tine an for producing an improved method of 
obtaining truly random pieces of genetic material for reassembly to produce random 
proteins which may be screened for a particular u.se The need to produce large libraries 
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of widely varying mutant nucleic acid sequences is an important goal. Hence, it would 
be advantageous to develop such a method far the production of mutant proteins which 
allows for the development of large libraries of mutant nucleic acid sequences which are 
easily searched. There is a need to deveiop such a method which allows for the 
5 production of large libraries of mutant DNA, RNA or proteins and the selection of 
particular mutants for a desired goal. 

The invention described herein is directed to the use of repeated cycles of 
mutagenesis, recombination and selection which allow for the directed molecular 
evolution of highly complex linear sequences, such as DNA, RNA or proteins thorough 
10 recombination. It uses repeated cycles of random points mutagenesis, nucleic acid 
shuffling and selection which allow for the directed molecular evolution /// vifro of 
highly complex linear sequences, such as proicins through random recombination. 

SUMMARY OFTHF rsVENTlON 
The present invention is directed to a mcihod fur generating a selected mutant 

15 pol>Tiucleotide sequence (or a population ot'selcclcd polynucleotide sequences) typically 
in the form of amplified and/or cloned polynucleotides, whereby the selected polynucleo- 
tide scquences(s) possess at least one dcsir^'J phcnotypic characteristic (e.g., encodes a 
polypeptide, promotes iranscripiion of linked polynucleotides, binds a protein, and the 
like) which can be selected for. One n:c:nod h: idcnufying mutant polypeptides that 

20 possess a desired structure or runc:io:-l property, such as binding ic a predetermined 
biological macromolccule (e.g., a rec-plor;, involves the screening of a large librar>' of 
polypeptides for individual library members which possess the desired structure or 
functional propeny conferred by Lhe amino acid sequence of the polypeptide. 

In one embodiment, the present invention provides a method for generating 

25 libranes of displayed pol>pcptides or displayed antibodies suitable for affmiiy interaction 
screening or phenotypic screening. The method comprises (I) obtaining a fust plurality 
of selected library' members comprising a c-splavcd polypeptide or displayed antibody 
and an associated polynucleotide encodmg said displayed polypeptide or displayed 
antibody, and obtaining said associated polynucleotides or copies thereof wherein said 
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associated polynucleotides comprise a region of substantially identical sequences, 
optimally introducing mutations into said polynucleotides or copies. (2) pooling the 
polynucleotides or copies. (3) producing smaller or shorter polynucleotides by 
interrupting a random or particularized priming and synthesis process or an amplifjcation 
5 process, and (4) performing amplification^ preferably PCR amplification, and optionally 
mutagenesis to homologously rccombme the newly synthesized polynucleotides. 

It is a particularly preferred object of the invention to provide a process for 
producing mutxint polynucleotides which express a useflil mutant polypeptide by a series 
of steps comprising: 

10 (a) producing pol>Tiuclcoiides by interrupting a pol>TiucIeotide 

amplification or synthesis process with a means for blocking or interrupting the 
amplification or synthesis process and thus providing a plurality of smaller or shoner 
polynucleotides due to the replication of the polyniiclcoiide being in various stages of 
completion; 

15 (b) adding to the resultant population of single- or doubic-strandcd 

polynucleotides one or more single- or doubi-j-strandcd oligonucleotides, wherein said 
added oligonucleotides comprise an area of identity in an area of heterology to one or 
more Q[{h-2 single- or doublc-srranded polvTiuclcotidi^s of the population; 

(c) denaturing the resulting single- or double-siranded oligonucleotides 
20 to produce a mixuirc of single-strar.d:d poiyr.>.cIeolid25, optionally separating the shorter 

or smaller polynucleotides irr.o pools of polyn-Jclcotidcs having various lengths anc 
furdier oplionally subjectm^ said polynucleotides 'o a PCR procedure to amplify one or 
more oligonucleotides comprised by at least one of said polynucleotide pools; 

(d) incubating a plurality of said polynucleotides or at least one pool of 
25 said polynucleotides with a polymerase under cotidilions which result in aancahng of 

said single-stranded polynucleotides at regions of identity between the single-stranded 
polynucleotides and thus forming of a nuiagenized double-slrandcd polynucleotide 
chain; 

(e) optionally repcaung steps (c) and (d); 
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(0 expressing at least one mutant polypeptide from said polynucleotide 
chain, or chains; and 

(g) screening said at least one mutanl polypeptide for a useful activity. 

In a preferred aspect of the invention, the means for blocking or interrupting 
5 ihc amplification or synthesis process is by utilization of uv light, DNA adducts, DNA 
binding proteins. Preferably, the DNA adduct is a member selected from the group 
consisting of: 

UV light; (+>CC-1065; (+)-CC-1065-O'}-Adeninc); a N-acelyiatcd or deacctylatcd 4'- 
fliiro-4-aminabiphcnyl adduct capable of inhibiting DN'A synthesis, or a N-acecylatcd or 

10 dcacetylated 4-aminobiphcnyl adduct capable of inhibiting DNA synthesis; trivalent 
chromium; a trivaient chiomium salt, a po!ycyc!ic aromatic hydrocarbon ("PAH") DNA 
adduct capable of inhibiting DNA replication, such as 7-bromomclhyl-benz[i7]anthraccnc 
("BMA"); tris(2,3-dibromopropyl)phosphalc ('Tris-3?"), 1 ,2-dibromo-3-chloropropanG 
("DBCP"); 2-bromoacrolcin (2BA); ben7,o(a]pyreac-7,S-dihydrodiol-9- lO-epoxidc 

15 ("BPDE'*); a piatinum(n) halogen salt; N-hydrcxy-2-amino-3-mcthylimida20f4,5-y]- 
quinoline ("N-hydroxy-lQ"); and N-hydroxy-2-amino-l -mcihyl-6-phcnyiimida2o[4,5-/|- 
pyridine ("N-hydroxy-PhIP"). 

Especially preferred members from ihs grouping consist of UV light, (+)-CC- 
1065 and (-f)-CC- 1 065-0^'3-Adeninel, 

20 [n one embodiment of the inveniion, the DNA adducts, or polynucleotides 

comprising the DNA adducts. are renv^ved from the polynucleotides or pol>i^ucleolide 
pool, such as by a process including hcatmg ihe solution comprising the DNA fragments 
prior to funher processing. 

Detailed Descrip tion of t he Invention 
25 The present invention relates to an enhanced method of DNA "shufrling," 

which may be referred to as "Sexual PCR," in a preferred embodiment of the present 
invention, amplified or cloned poKmuclcoiides po.v^:ess:ng a desired characteristic (for 
example, encoding a pol>'peptide of interest, etc.) are selected (via screening of a library 
of polynucleotides, for example) and pooled. The oled poi\nucleotides (or at least one 
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polynucleotide) may be subjected lo random at least one of random primer extension 
reactions, or PCR amplincalion using random primers to multiply portions of (he 
polynucleotide or polynucleotides. At various stages along the completion of the PCR 
amplification or synthesis process, the process may be blocked or interrupted. Hence, 
5 a collection of incomplete copies of the polynucleotide or polynucleotides can be 
generated by random primer extension reactions, amplification using random primers, 
and/or by pausing or stopping the replication process. 

These collections of shoner or smaller polynucleotides (pools) may be 
isolated or collectively amplified further by PCR, which may be interrupted again. Such 
10 "stacking" of the amplification and pausing or slopping steps has the advantage of 
producing a truly randomized sample of poi>nucleotides having widely varying lengths. 
For example, some of the smaller poivTiucieolides may hybridize with the longer 
polynucleotides and act as additional random primers to initiate self-priming amplifica- 
tion of polynucleotides within the poo! 
15 Such a process provides an e:T:.:cni means for producing widely-varying 

random polynucleotides and subscqu^rnt wiJc-y-varying mutant proteins corresponding 
to the same random selection as in triL- nrJom polynucleotide pool. The reassembly of 
ihc shorter or smaller polyn'Jclco::J.;s aficr such shuffling to produce the random 
polynucleotides may be providt^d by utilizing procedures standard in the art. 
20 In one embcdimcr.: of ;r.vcn;ion. the adduct or adducts which hall or slow 

ihe PCR process have bc^r rriod.f:-.: -viih a chcmicai group tor which there exists (or can 
be obtained) a monoclonal an'.i'oody 5:-:cific for the same. Such is an example permitting 
an efficient separation of polynucicotidt: chains comprising the DNA adducts (or for the 
removal of the adducts which have been released from the DNA polynucleotides which 
25 comprise ihem) &om other polynuclcoiidc chains. In some situations, it may be desirable 
to remove such DNA adducts before f-urth:: processing of the amplified polynucleotides. 
In other situations it may be desirable to i:::v- such DNA adducts in the solution with tt\e 
intention of producing a further randoTi'Zji ;. -.m! of polynucleotides. Whether the DNA 
adduct is to be removed or left wuh.M pol>-nucleotidc pool depends upon the 
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composition of the adduct itself and the immediate goal of that amplification process 
step. 

In a preferred embodiment, the polynucleotides produced by interrupting the 
PGR amplification (and optionally subsequent amplification of the said polynucleotides 
5 to produce further randomization under conditions suitable for PGR amplifications) arc 
recombincd to form a shuffled pool of recnmbined polynucleotides, whereby a 
substantial fraction (e.g., greater than 10 percent) of the recombincd polynucleotides of 
said shuffled pool were not present in the first plurality of selected library members, said 
shuffled pool providing a library of displayed polypeptides or displayed antibodies 
10 suitable for affinity interaction screening, 

Optionally, the method comprises the additional step of screening the library 
members; of the shuffled pool to identify' individual shuffied library members having the 
ability to bind or otherwise interact (e.g., such as catalyric antibodies) with a predeter- 
mined macromolecule, such a.s for example a protcinaccous receptor, peptide oligosac- 
15 charidc, viron, or other predetennincd compound or siructurc. 

The displayed polypeptides, antibodies, pepiidomimctic antibodies, and 
variable region sequences that are identified from such libraries can be used for 
therapeutic, diagnostic, research and related purposes (e.g., catalysis, solutes for 
increasing osmolarity of an aqueous solution, and the like), and/or can be subjected to 
20 one or more additional cycles cf shufllinc^ and/or affinity selection. The method can be 
modified such that ihc slcp of selecting for a phcnotypic characlerislic can be other than 
of bindmi; affiniiy for a prsdeiermincd molecule (e.g., for calalyiic aciiviiy^ stability 
oxida'ion resistance, drug resistance, or detectable phenol\pe confcnrcd upon a host cell). 

In one embodiment, the first plurality of selected librar>' members is 
25 pol>Tiucleoiidss is produced and homologousiy rccombined by PGR in vilru, the resultant 
pol>Tiucleotides are transferred into a hnst cell or organism via a transferring means and 
homologousiy recombincd to foma shuffied librars' members in vivo. 

In one embodiment, the first pluralr.y of selected library' members is cloned 
or amplified on episomaJly replicablc vectors, a nvjltiplicity of said vectors is transferred 
30 into a cell and homologousiy rccombined to form shuffied library members in v/vo. 
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In one embodiment, the firsi plurality of selected library members is not 
produced as shorter or smaller polynucleoiides, but is cloned or amplified on a 
episomally repiicable vector as a direct repeal, with each repeat comprising a distinct 
species of selected library member sequence, said vector is transferred into a cell and 
5 homoiogousiy recombined by intra-vector recombination to form shuffled librar)' 
members in vivo. 

In an embodiment, combinations of in vitro and in vivo shuffling are provided 
to enhance combinatorial diversity. 

The present invcniion provides a method for generating libraries of displayed 

10 antibodies suitable for affinity interactions screening. The method comprises (1) 
obtaining first a plurality of selected library members comprising a displayed antibody 
and an associated poiynuclcoiide cncodmg said displayed antibody, and obtaining said 
associated polynucleotide encoding tor said displayed antibody and obtaining said 
associated polynucleotides or copies thereof, wherein said associated polynucleotides 

15 comprise a region of substantially identical \*anab!c region framework sequence, and (2) 
pooling and producing shorter or smaller poiynuclcotides with said associated 
polynucleotides or copies lo r'onn polynucleotides under condiiions suitable for PCR 
amplification by slowing or halting lac PCR amplification and thereby homoiogousiy 
recombining said shortc:r or sn^allc: polynuclcolidcs to form a shufP.cd pool of 

20 recombined pol>Tiuc]coude5 of said sh'-ifilcd pool. CDPv combinations comprised by the 
shuffled pool arc noi prcscn*. n the pluraii'> of selected librap)' members, said 
sh'jfricd pool composing a Hbror/ of displayed antihod:cs ccmprismg CDR pcrmu'vations 
and suitable for affmity interaction screenmg. Optionally, the shuffled pool is subjected 
to affinity screening to select shuflkd library' members %vhich bind to a predetermined 

25 epitope (antigen) and thereby sek'Cting a plurality of selected shuffled library members. 
Further, the plurality of selcctedly shuffled librarv members can be shuffled and scrccnt^d 
itcrativcly, from 1 lo about 1000 cycles or as ccsircd until library members having a 
desired binding affinity are obtained. 

According one aspect of the present invention provides a method for 

30 introducing one or more mutations into a template double-stranded polynucleotide. 
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wherein the template double-stranded polynucleotide has produced poiynuclcotides of 
a desired size by the above slowed or halted PCR process, by adding to the resultant 
population of double stranded polynucleotides one or more single or double stranded 
oligonucleotides, wherein said oligonucleotides co.nprise an area of identity and an area 
5 of heterology to the template polynucleotide; denaturing (he resultant mixture of double- 
stranded random polynucleotides and oligonucleotides into single-stranded polynucleo- 
tides; incubating the resultant population of single-stranded polynucleotides with a 
polymerase under conditions which result in the annealing of said single-stranded 
polynucleotides and formation of a mutagenized double-stranded polynucleotide; and 

1 0 repeating the above steps as desired. 

In another aspect the present invenlion is directed to a method of producing 
recombinant proteins having biological activity by treating a sample comprising double- 
stranded template polynucleotides encoding a wild-tv^^c protein under sexual PCR 
conditions according to the present invention which provide for the production of 

15 polvniuclcolides which include random doublc-strandcd polynucleotides having a desired 
size and adding to the resuliajiL population of randc:ii polynucleotides one or more single 
or doublc-sirandcd oligonucleotides, wherein said oligonucleotides comprise areas of 
identity and areas of heterology lo -the icmplatc polynucleotide; denaturing the resulting 
mixture of double-slranded polynucleotides and oligonucleotides into single-stranded 

20 polynucicotidcs; incubating the resultant population of single-stranded po}>'nucleotide5 
with a polymerase under conditio:-", v.hich cause annealing of said single-stranded 
pol>r.uclsoude5 at ihe areas of id'jntiiy lo cKCur and thus to form at least one mutagenized 
double-slranded polynucleotide; repeatmg the above steps as desired; and then 
expressing ihc recombinant protein from the mutagenized double-stranded pol^mucleo- 

25 tide. 

A third aspect of the present invention is directed to a method for obtaining 
chimeric polynucleotide by treating a sample comprising different double-stranded 
template polynucleotides wherein said different lc:T.plaie polytiucleotides contain areas 
of identity and areas of heterology under scxua": TC-l conditions which provide random 
30 double-strnnded polynucleotides of a desired size from the template polynucleotide; 
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denaturing the resulting random double-stranded polynucleotides to provide single- 
stranded polynucleotides; incubating the resulting single-stranded polynucleotides with 
a polymerase under conditions which provide for the annealing of the single-stranded 
polynucleotides at the areas of identity and the formation of a chimeric double-stranded 
5 polynucleotide sequence comprising template polynucleotide sequences; and repeating 
the above steps as desired. 

A fourth aspect of the present invention is directed to a method of replicating 
a template polynucleotide by combining in vitro single-stranded template polynucleo- 
tides with small random single-stranded polynucleotides resulting from the sexual PGR 

10 process according to the present invention and dcnaturation of the template polynucleo- 
tide, and incubating said mixture of nucleic acid polynucleotides in the presence of a 
nucleic acid polymerase under conditions wherein a population of double-stranded 
template polynucleotides is fonned. 

The invention also provides the use of polynucleotides shuffling, //? vitro 

15 and/or in vivo to shuffle polynucleotides encoding polypeptides and/or polvnucleotides 
comprising transcriptional regulatory sequences. 

The invention also provides the use of polynucleotide shuffling to shuffle a 
pt)pulation of viral genes (e.e., capsid protems, spike glycoproteins, polymerases, 
proteases, etc.) or viral genomes (e.g., paramyxoviridac, orthomyxoviridae, 

20 herpesviruses, rctro\*inises, rcovirjse.;, rhinoviruses, etc.). In an embodiment, the 
invention provides a melhod for shuffling sequences encoding all o: portions of 
immunogenic viral proteins to generate novel combinations of cpiiopes as well as novel 
epitopes created by recombination; such shuffled viral proteins may comprise epitopes 
or combinations of epitopes as well as novel epitopes created by recombination; such 

25 shuffled viral proteins may comprise epitopes or combinations of epitopes which are 
likely to arise in the natural environment as a consequence of viral evolution; (e.g., such 
as recombination of influenza virus strains 

The invention also provides ^ r/ie:hod suitable for shuffling polynucleotide 
seqOences for generating gene therapy vectors and replication-defective gene therapy 

30 constructs, such as may be used for human ccnc therapy, including but not limited lo 
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vaccination vectors for DNA-based vaccination, as v/ell as anli-neoplastic gene therapy 
and other general therapy formats. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Figure 1 is a prior art diagram illustrating the resulting mutant polynucleotide 
5 from mutations by error-prone PCR as contrasted with those from shufTling and 
recombination of shorter or smaller polynucleotides. 

Figure 2 is a flow chart which illustrates the principles of Sexual PCR in three 
basic steps: (I) selecting mutants for generation of random sized polynucleotides of 
polynucleotides, (2) generating random-sized polynucleotides by halting the PCR 
10 process, and reassembling the random-sized polynucleotides via PCR to form random 
polynucleotides. 

Figure 3 is a flow chart which illus-raics the concepts of utilizing DNA 
adducts or UV light to halt PCR and to generate ra.-.Jo::^. polynucleotides due to random 
priming and incomplete extension of the sirards 

5 Figure 4 is a list of DNA adducts ex.-^.mples and UV light which may be 

utilized to halt PCR and generate random poiynuclcolides. 

Figure 5 is a flow chan illustrates ihe sicps involved in utilizing UV light to 
create DNA adducts and halt PCR to generate random polynucleotides. 

Figures 6A and 6B illusirat: the separation of polynucleotides before 

C a.sscmbly and the results after asscmb!;, v/hercin Figure 6A is directed to separation 
bands of the prc-assembly potynucieo'idcs and Figure 6B is directed in its lane one to 
illustrating separation bands of reassembled polynucleotides after the first round of 
reassembly PCR and in lane two illustrating separation bands of reassembled polynucleo- 
tides after the second round of reassembly PCR. Lane 2 shows the complete, rcassem- 

5 bled random polynucleotide ready for amplifica;:o:;. cloning and screening for a useful 
utility. 
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DESCRJPTION OF THE PREFERJIED EMBQDfMENTS 
Further advantages of the piQsenl invention will become apparent from the 
following description of the invention with reference to the attached drawings. 

The present invention relates to i. method for nucleic acid molecule 
5 reassembly after producing random oligonucleotides via interrupted PGR, and optionally 
subjecting at least one of said random oligonucleotides to further PGR as templates to 
produce additional oligonucleotides, and the application of such reassembly to 
mutagenesis of DNA sequences. Also described is a method for the production of 
polynucleotides encoding mutant proteins having enhanced biological activity. In 
10 particular, the present invention also relates to a method of utilizing repeated cycles of 
mutagenesis, nucleic acid shuflling according to the present invention sexual PGR 
oiigonucleotids method and seIt:ction which allow for the creation of mutant proteins 
having enhanced biological activity. 

The present invention is directed lo 3 iTicthod for generating a very large 
15 iibrar)' of DNA, RNA or protein mutanls. Th:s :ficiaod has particular advantages in the 
generation of related polynucleotides froni wiuch the desired active polynucleotide 
porlion(s) may be selected, in pariicuiai llv: present invention also relates to a method 
of repeated cycles of mutagenesis, horrologous recombination and selection which allow 
for the creation ofmutant proteins having enhanced biological activity. 
20 For clarity and co:^s\ sic :^zy\ ihc foKowing terms v;ill be defined as utilized 

nbove, throughout this document and in ihe claims: 

Definitions 

The term "DNA reassembly" is used when recombination occurs between 
identical sequences. 

25 By contrast, the term "DNA shuffling is used herein to indicate recombina- 

tion between substantially homologous but non-identical sequences, in some embodi- 
ments DNA shuffling may involve crossover v:,-i non-homologous recombination, such 
as via-cer/lox and/'or flp/frt systems and the like 
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The term "amplification" means that the number of copies of a polynucleotide 
is increased. 

The term "identical" or "identity" means that two nucleic acid sequences have 
the same sequence or a complementary sequence. Thus, "areas of identity" means that 
5 regions or areas of a polynucleotide or the overall polynucleotide are identical or 
compiemeniary to areas of another polynucleotide or the polynucleotide. 

The term "corresponds to" is used herein to mean that a polynucleotide 
sequence i.s homologous(ix., is identical, not slriclly evolulionarily related) to all or a 
portion of a reference polynucleotide sequence, or thai a polypeptide sequence is 

10 identical to a reference polypeptide sequence. In contradistinction, the term "comple- 
mentary to" is used herein to mean that the compiemcntary sequence is homologous to 
all or a portion of a reference polynucleotide sequence. For illustration, the nucleotide 
sequence "TATAC" corresponds to a reference ' T.ATaC" and is complemcnlar>' lo a 
reference sequence "GTATA." 

15 The following terms are used to describe the sequence relationships between 

tv/o or more polynucleotides: "reference sequence," "comparison window," "sequence 
identity," "percentage of sequence idcr:i:y," are! ".substantia! identity." A "reference 
sequence" is a defined sequence used as basis for a sequence comparison; a reference 
sequence may he a sublet of a larger scquer.ce, for example, as a segment of a full-length 

20 cDNA or gene sequence given in a sc?juer.:e iistinc. or may CG:iiprisc a complete cDNA 
or gene sequence, Gcnt:r:^.lly. a rcferer.c-: sequence is at Icasi 20 nucleotides in lengtn, 
frequently at least 25 nucleotides in leng*.b, and often n; icasi 50 nucleotides in length. 
Since two poi>Tiucleotidcs may each (1) comprise a sequence (i.e., a poaion of the 
complete polynucleotide sequence) that is similar between the two polynucleotides and 

25 (2) may further comprise a sequence that is diverge.il between the two polynucleotides, 
sequence comparisons between two (or more) polynucleotides are typically perfomied 
by comparing sequences of the two polynucleo*.;dL:s over a "comparison window" to 
identify and compare local regions of sequence sm. 'iarity. 

- A "comparison window," as us^^d hcreu:. refers to a conceptual segment of at 

30 least 20 contiguous nucleotide positions wper^Ki a polynucleotide sequence may be 
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compared to a reference sequence of at least 20 contiguous nucleotides and wherein the 
portion of the polynucleotide sequence in the comparison window may comprise 
additions or deletions (i.e., gaps) of 20 percent or less as compared to the reference 
sequence (which does not comprise additions or deletions) for optimal alignment of the 
5 two sequences. Optimal alignment of sequences for aligning a comparison window may 
be conducted by the local homology algorithm of Smith and Waterman (1981) Adv. 
Appl. Math. 2: 482 by the homology alignment algorithm of Needlemen and Wuncsch 
J. Mol. Biol. 48; 443 (1 970), by the search of similarity method of Pearson and Lipman 
Proc. Natl. Acad. Sci. fU.S A.) 85; 2444 (1988), by computerized implementations of 
10 these algorithms (GAP, BESIHT, FASTA, and TFASTA in the Wisconsin Genetics 
Software Package Release 7.0, Genetics Computer Group, 575 Science Dr., Madison, 
VVl). or by inspection, and the best alignment (i.e., resulting in the highest percentage of 
homology over the comparison window) generated by the various methods is selected. 

The temi "sequence identity" means thai two polynucleotide sequences arc 
15 " identical (i.e., on a nuclcotide-by-nuclcotidc basis) over the window of comparison. The 
tenn "percentage of sequence identity" is calculated by comparing two optimally aligned 
sequences over tlie window of companson, determining the number of positions at which 
the identical nucleic acid base (e.g.. A, T. C, G. U. or I) occurs in both sequences to yield 
the number of matched positions, dividing the number of matched positions by the total 
0 number of positions m the window of comparison (i.e., the window size), and 
multiplying the result by 100 to yicid the percentage of sequence identity. This 
"substantial identity" used herein denotes a characteristic of a polynucleotide 
sequence, wherein the polynucleotide comprises a sequence having at least 80 percent 
sequence identity, preferably a: least S5 percent identity, often 90 to 95 percent sequence 
^5 identity, and most commonly at least 99 percent sequence identity as compared to a 
reference sequence of a comparison window ot^al least 25-50 nucleotides, wherein the 
percentage of sequence identity is calculated by comparing the reference sequence to the 
pol>Tiuc!eotide sequence w'nich may include dele:;ons or additions which total 20 percent 
or liss of the reference sequence over the win:jow of comparison. 
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"Conservativt; amino acid substitutions" refer to the interchangeability of 
residues having similar side chains. For example, a group of amino acids having 
aliphatic side chains is glycine, alanine, valine, leucine, and isolcucine; a group of amino 
acids having aliphatic-hydroxyi side chains is serine and threonine; a group of amino 
5 acids having amide-containing side chains is asparaginc and glutamine; a group of amino 
acids having aromatic side chains is phenylalanine, tyrosine, and tryptophan; a group of 
amino acids having basic side chains is lysine, arginine, and histidine; and a group of 
amino acids having sulfur-containing side chains is cysteine and methionine. Preferred 
conservative amino acids substitution groups are : vaiinc-leucinc-isoleucine, 

10 phenylalanine-tyrosine, lysine-arginint;, alanine-valine, and asparagine-gluCaminc. 

The tcmi "homologous" or "homeologous" means that one single-stranded 
nucleic acid nucleic acid sequence may hybridize to a complementary single-stranded 
nucleic acid sequence. The degree of hybridizauon may depend on a number of factors 
including the amount of identity between the sequences and the hybridization conditions 

15 such as temperature and salt concentrations as discussed later. Preferably the region of 
identity is greater than about 5 bp, more preferably the region of identity is greater than 
10 bp. 

The icnn "heterologous" means t'nal one single-stranded nucleic acid 
sequence is unable to hybridize lo anoiher smglc-slranded nucleic acid sequence or its 

20 complement. Thus areas of heteroic'^^v r^.eans thai areas of polynucleotides or 
polynucleotides have areas or regions within their sequence which arc unable to 
hybridize to another nucleic acid c: polynucleotide, Such regions or areas are, for 
example areas of mutations. 

The term "cognate" as used herein refers to a gene sequence that is 

25 evoiutionarily and functionally related beivvecn species. For example but not limitation, 
in the human genome the human CD4 gene is th- cognate gene to the mouse 3d4 gene, 
since the sequences and structures of these two genes indicate that they are highly 
homologous and both genes encode a protein which functions in signaling T ccl! 
activation through MHC class Il-restricted antigen recognition. 
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The term "wild-type" means that the polynucleotide does not comprise any 
mutations. A "wild type" protein means that the protein will be active at a level of 
activity found in nature and will comprise the amino acid sequence found in nature. 

The term "related polynucleotides" means that regions or areas of the 
5 polynucleotides are identical and regions or areas of the polynucleotides are heterolo- 
gous. 

The term "chimeric polynucleotide" means that the polynucleotide comprises 
regions which are wild -type and regions which are mutated. It may also meant the 
polynucleotide comprises wild-type regions form one polynucleotide and wild-type 
10 regions form another related polynucleotide. 

The term "cleaving" means digesfing the polynucleotide with enzymes or 
breaking the polynucleotide. 

The term "population" as used herein ^Ticans a collection of components such 
as pol)Tiuclcotides, portions or polynucleotides or proteins. A "mixed population: means 
15 a collection of components which b;;long to ih: 5?.nvj family of nucleic acids or proteins 
(i.e., arc related) but which dlikr in their sccvicnce (i.e., are not identical) and hence in 
their biological activity. 

The term "spccihc p-oiNTVJc!cc ;;dc" n^.cans a poiynucicotide having certain end 
pomts and having a certain nucleic a:i J sequence. Two poiynucleotides wherein one 
20 polynucleotide has the idertic;'.! se.;;: ;r.:e as a portion of the second polynucleotide but 
different ends composes two c;f:e:c:-.: snecitlc polvnuclcotidcs. 

The lenrt "mutation.s" means changes in the sequence of a vsild-i)pc nucleic 
acid sequence or changes in the sequence of a peptide. Such mutations may be pini 
mutations such as transitions or transversions. The mutations may be deletions, 
25 inseaions or duplications. 

In the polypeptide notation used herein, the left-hand direction is the amino 
terminal direction and the nghl-hand direction is the carboxy-tenminal direction, in 
accordance with standard usage and convcr.:: ::v Similarly, unless specified otherwise, 
the left-hand end of smgie-strandcd poiynucieoti Je sequences is the 5' end; the left-hand 
30 direction of double-stranded poKnuclsotide sequences is referred to as the 5' direction. 
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The direction of 5' to 3' addition of nascent RMA transcripts is referred to as the 
transcription direction; sequence regions on the DNA strand having the same sequence 
as the RNA and which are 5* to the 5' end of the RNA transcript are referred to as 
•'upstream sequences"; sequence regions on the DNA strand having the same sequence 
5 as the RNA and which are 3' to the 3' end of the coding RNA transcript are referred to 
as "downstream sequences". 

The term "naturally-occurring" as used herein as applied to the object refers 
to the fact that an object can be found in nature. For example, a polypeptide or 
polynucleotide sequence that is present in an organism (including viruses) that can be 

10 isolated from a source in nature and which has not been intentionally modified by man 
in ihc laboratory is naturally occurring. Generally, the term nalurally occurring refers 
to an object as present in a non-palhological (un-diseased) individual, such as would be 
typical for the species. 

The term "agent" is used herein to dcno:c a chemical compound, a mixture 

15 of chemical compounds, an array of spatially locaiizcd compounds (e.g., a VLSIPS 
peptide array, polynucleotide array, and'or conib:n3torial small molecule array), 
biological macromoleculc, a bacteriophage peptide display library, a bacteriophage 
antibody (e.g., scFv) display library, a polysome peptide display iibrarr\ or an exlracl 
made form biological materials such as baciena, plants, fungi, or animal (panicular 

20 mammalian) cells or tissues. Agzr.'s arc evaluated lor potential activity as anti- 
neop!:i5l!Cs, anli-inflairuTialones or apcp'.osis modulators by inclusion in screening assays 
described hereinbelow. Agents are evaluated for polenual activity as specific protein 
interaction inhibitors (i.e., an agent which selectively inhibiis a binding mteraciion 
between two predetermined polypeptides bul which doc snot substantially interfere with 

25 cell viability) by inclusion in screening assays described hcrcinbelow. 

As used herein, "substantially pure" means an object species is the 
predominant species present (i.e., on a molar basis i: is more abundant than any other 
individual macromolecular species in the composition), and preferably substantially 
purified taction i.s a composition wherein the objcci species comprises at least about 50 

30 percent (on a molar basis) of all macromolecular species present. Generally, a 
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substantially pure composition will comprise more than about 80 to 90 percent of all 
macromolccular species present in the composition. Most preferably, the object species 
is purified to essential homogeneity (contaminant species cannot be detected in the 
composition by conventional detection mc.hods) wherein the composition consists 
5 essentially of a single macromolccular species. Solvent species, small molecules (<500 
Daltons), and elemental ion species are not considered macromolecular species. 

As used herein the term "physiological conditions" refers to temperature, pH, 
ionic strength, viscosity, and like biochemical parameters which are compatible with a 
viable organism, and/or which typically exist inlracellularly in a viable cultured yeast cell 
10 or mammalian cell. For example, the intracelluiar conditions in a yeast ceil grown under 
typical laboratory culture conditions arc physiological conditions. Suitable in vitro 
reaction conditions for in vitro transcriplioa cocktails arc generally physiological 
conditions. In general, in vitro phy5iologica; conditions comprise 50-200 mM NaCl or 
KCU pH 6.5-8.5, 20-45°C and O.OOMO mM divalent cation (e.g., Mg \ Cd* ); 
15 preferably about 150 mM NaCi or KCt, pH 7.2-7.6, 5 mM divalent cation, and often 
include O.OM.O percent nonspecific protein (e.g., BSA). A non-ionic detergent (Twccn, 
NP-40,Tnton X-lOO) can often be present, usually at about 0.001 to 2%, t>pically 0.05- 
0.2% (v/v). Pariicular aqueous condi'.tons n\?.y be selected by the practitioner according 
10 conventional methods. For gcn^^rai guidance:, ihz following buffered aqueous 
20 conditions n^.ay be appiicabic: 10-250 NaCi. 5-50 mM Tris HCi. pH 5-8, wiih 
optjona! addition ofdivaicn: catior: s) and/or rnclal cheblors and/or non-ionic 6c\crgt::^As 
and 'or membrane fractions sr.d' Or ar.:i-roam agents and'or scintillants. 

"Specific hybridizauon" is defined herein as the formation of hybrids bciAveen 
a first polynuclcolidc and a second polyr.wclectidc (e.g., a pol>nuclcotide having a 
25 distinct but substantially identical sequence to the first polynucleotide), wherein 
substantially unrelated po)>'nucleotide sequcnci^s do not form hybrids in the mixture. 

As used herein, the term "single chain antibody" refers to a pol^T^cptidc 
comprising a V^^ domain and a domain m polypeptide linkage, generally liked via a 
spacer peptide (e.g., [Gly-Gly-Gly-Gly-Ser]/\ and which may comprise adduional amino 
30 acid sequences at the amino- and/or carbox>- termini. For example, a single-chain 
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antibody may comprise a tether segment for linking to the encoding polynucleotide. As 
an example, a scFv is a single-chain antibody. Single-chain antibodies are generally 
proteins consisting of one or more polypeptide segments of at least 1 0 contiguous amino 
substantially encoded by genes of the immunoglobulin supcrfamily (e.g., see The 
5 Jmmunoglobulin Gene Superfamily , A.R Williams and A.N. Barclay, in Immunoglobulin 
Genes . T. Honjo, F.W. Alt, and THE. Rabbits, eds,, (1989) Academic press: San Diego, 
CA, pp. 361-368, which is incorporated herein by reference), most frequently encoded 
by a rodent, non-human primate, avian, porcine bovine, ovine, goat, or human heavy 
chain or light chain gene sequence. A functional single-chain antibody generally 
10 contains a sufficient portion of an immunoglobulin supcrfamily gene product so as to 
reiain the property ofbinding to a specific target molecule, typically a receptor or antigen 
(epitope). 

As used herein, the term "complemeiV.ar'ily-'Jelermining region" and "CDR" 
refer to the art-recognizcd term ns exemplified by uvz fCabrit and Chothia CDR definitions 

15 also genercilly kjiown as supervariable regions or In'pcrA'ariabic loops (Chothia and Leks 
(1987) J. Mol. Biol. 196 : 901; Clothiact al. (1 9S 9) Nature 342; 877; E.A. Kabat eta!., 
Sequences of Proteins of Immunological Interest (national Insututes of Health, Bethesda, 
MD) (1987); and Tramontano et al; f 1990) J. Mol. Biolo ^. 215; 175). Variable region 
domains typically comprise the amino-terrninal appro.ximaiely ! 05-1 ! 5 amino acids of 

20 a narjrally-occumng immunoglobulin chain l; . amino acids l-l 10), although variable 
domains somewhat shorter or longer are also suitabic for forming single-chain 
antibodies. 

An immunoglobulin ligh: or heavy cham variable region consists of a 
"framework" region iniemipled by t'niec hyp^r\'ariablc regions, also called CDR's. The 

25 extent of the framework region and CDR's have been precisely defined (see , "Sequences 
of Prolems of Immunological Interest," E. Kabat ^ ak^ 4th Ed., U.S. Department of 
Health and human services, Bethesda, MD (i9S"}i. The sequences of the framework 
regions of different light or heavy chains are re!a'.;vo'.y conscn.^cd within a specie. As 
used herein, a "human framework region" is a franveuork region that is substantially 

30 identical (about 85 or more, usually 90-95 or more) to the framework region of a 
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naturally occurring human immunoglobulin, the framework region of an antibody, that 
is the combined framework regions of the constituent light and heavy chains, serves to 
position and align the CDR's. The CDR's are primarily responsible for binding to 
epitope of an antigen. 

5 As used herein, the term "variable segment" refers to a portion of a nascent 

peptide which comprises a random, pseudorandom, or defined kcmal sequence. A 
variable segment" refers to a portion of a nascent peptide which comprises a random 
pseudorandom, or defmed kcmal sequence. A variable segment can comprise both 
variant and invariant residue positions, and the degree of residue variation at a variant 

JO residue position may be limited: holh options arc selected at the discretion of ihc 
praciicioncr. Typically, variable segments arc about 5 to 20 amino acid residues in length 
(e.g., 8 to 10), although variable segments may be longer and may comprise antibody 
portions or receptor proteins, such as an antibody fragment, a nucleic acid binding 
protein, a' receptor protein, and the like. 

15 As used herein, "random peptide sequence" refers to an amino acid sequence 

composed of two or more amino acid monomers and constructed by a stochastic or 
roi^idom process. A random peptide can include framework or scaffolding motifs, which 
may comprise invariant sequences. 

As used herein "random pepude library" rct'ers to a set of polynucleotide 

20 sequences that encodes a set of random peptides, and to the set of random peptides 
encoded by those polynuclcoiiC'^ scqucr.zss, as well as the fusion proteins conlam those 
random peptides. 

As used herein, the icmi "pseudorandom" refers to a set of sequences ihat 
have limited variability, sol thai for example the degree of residue variability at another 
25 position, but any pseudorandom position is allowed some degree of residue variation, 
however circumscnbed. 

As used herein, the tenn "defined sequence framework" refers to a set of 
defmed sequences that are selected on a no!>raridom basis, generally on the basis of 
experimental data or structural data; for example, a defmed sequence framework may 
30 comprise a set of amino acid sequences thai are predicted to form a fi-sheet structure or 
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may comprise a leucine zipper heplad repeat motif, a ziac-finger domain, among other 
variations- A "defined sequence kcmal" is a set of sequences which encompass a limited 
scope of variability. Whereas (1) a completely random 10-mcr sequence of the 20 
conventional amino acids can be any of (20)'*^ sequences, and (2) a pseudorandom 10- 
5 mer sequence of the 20 conventional amino acids can be any of (20)'° sequences but will 
exhibit a bias for certain residues at certain positions and/or overall, (3) a defined 
sequence kcmal is a subset of sequences if each residue position was allowed to be any 
of the allowable 20 conventional amino acids (and/or allowable unconventional 
amino/imino acids). A defined sequence kemal generally comprises variant and 

10 invariant residue positions and/or comprises variant residue positions which can 
comprise a residue selected from a defined subset of amino acid residues), and the like, 
cither scgmentally or over the entire length of ihc mdividual selected library member 
secjucncG. Defined sequence kernels can refer to either amino acid sequences or 
polynucleotide sequences. Of illustration and no: i:r;ruition, the sequences (NNK.)ioand 

15 (NNM},j, wherein N represents A, T, G, or C; r-prcsents G or T; and M represents A 
or C, are defined sequence kernels. 

As used, herein "epitope" refers to th?>*. portion of an antigen or other 
macron^olccule capr\ble of forming a binding mlcraction that interacts with the variable 
region binding body of an antibody. T\7::c2l!\ . i,uch binding interaction is manifested 

20 as an ir.termolecular contact with one cr tt.oic arr/.r.o acid residues of a CDR. 

As used herein. "rcccp!or" r:fer; \o a molecule that has an affinity for a given 
ligand. Receptors can be naturally occ jmr.g or synthetic molecules. Receptors can be 
employed in an unaltered state cr as aggregates wiih other species. Receptors can he 
attached, covalcntly or non-cova!enl]y, to a binding member, either directly or via a 

25 specific binding substance. Examples of receptors melude, but arc not limited to, 
antibodies, including monoclonal antibodies and ar.M.sera reactive with specific antigenic 
deierm:r.anls (such as on viruses, cells, or other ir^i-erials), cell membrane receptors, 
complex carbohydrates and glycoproteins, enr- ar.d hormone receptors. 

.As used herein "ligand" refers to ir. Mecuie, such as a random peptide or 

30 variable segment sequence, that is recognized b> a paaicular receptor. As one of skill 
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in the art will recognize, a molecule (or macromolecular complex) can be both a receptor 
and a ligand. In general, the binding partner having a smaller molecular weight is 
referred to as the ligand and the binding partner having a greater molecular weight is 
referred to as a receptor. 
5 As used herein, "linker" or "spacer" refers to a molecule or group of 

molecules that connects two molecules, such as a DNA binding protein and a random 
peptide, and serves to place the two molecules in a preferred configuration, e.g., so that 
the random peptide can bind to a receptor with minimal sieric hindrance from (he DNA 
binding protein. 

10 As used herein, the term "opcrably linked" refers to a linkage of polynucleo- 

tide elements in a functional relationship. A nucleic acid is "operably linked" when it is 
placed into a functional relationship wi:h another nucleic acid sequence. For instance, 
a promoter or enhancer is operably linked to a coding sequence if it affects the 
transcription of the coding sequence. Opsrab!;.' l:nV'ed means that the DNA sequences 

]5 being linked are typically contiguous and, where necessary to join two protein coding 
regions, contiguous and in reading [r:irr.':. 

As used herein, the "means fc: slowing or halting the PCR amplification 
process" is defined as utilization of L"V l)gn: or a DNA adduct to slow or halt the PCR 
an^iplincaLion of ar least one polynijclco'jde. Preferably, such a means is either UV lighi 

ly^ or a DNA adduct which is o member selected from the group consisting of (+)-CC- 
1063, or a synthetic analog 5u:h as (^)-CC-l 065-rN3-Adcnine), (see. Biochem. y\_. 
2S22-2S29 (1992)); a N-3ccly!a:ed o: deacctylated 4"-nuro-4-aminobiphcnyl adduci 
capable of Inhibiting DNA svTi'.hcsis (see, for example, Carcinogenesis vol. 13, No. 5„ 
751-75H (1992); or a N-acct>lalcd or dcacciylatcd 4-aminobiphenyl adduct capable of 

*5 mhibiling DNA synthesis (sec also, Id,- 751-758); trivalent chromium, a irivalenl 
chromium sail, a polvcyclic aromatic hydrocafoon ("PAH") DNA adducl capable of 
inhibiting DNA replication, such as 7-bro-:omcthyUbenz[a]anlhracene ("BMA"), 
uis(2,3-dibromopropyl)phosphate ("Tris-BP" 1. 1 .2-dibrom.o-3-chloropropane ("DBCP"), 
2-bromoacrolein (2BA), benzo[a]p>T2nc-7,8-dihydrodiol-9-l 0-cpoxide ("BPDE"), a 

0 plalinum(II) halogen salt, N-hydrovy-2-amino-3-niethylimidazof4,5-y]-quinolinc ("N- 
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hydroxy-lQ"), and N-hydroxy-2-amino-l-methyl-6-phenylirnida2o[4,5-/]-pyridinc ("N- 
hydroxy-PhlP"). Especially preferred "means for slowing or hailing PCR amplification 
consist of UV light (+)-CC-1065 and (+)-CC-1065-CN3- Adenine). Particularly 
encompassed means arc DN A adducts or polynucleotides comprising the DNA adducts 
5 from the polynucleotides or polynucleotides pool, which can be released or removed by 
a process including heating the solution comprising the polynucleotides prior to further 
processing. 

Methodoiogy 

Nucleic acid shuffling is a method for in vitro or in vivo homologous 
10 recombination of pools of shorter or smaller polynucleotides lo produce a polynucleotide 
or polynucleotides. Mixtures of related nucleic a.:id sequences or polynucleotides are 
subjected to sexual PCR to provide random polynucleotides, and reassembled to yield 
a library or mixed population of recombinan: mutant nucleic acid molecules or 
polynucleotides. 

15 In conUTSt to cassette mutagenesis, only shufTling and error-prone PCR allow 

one 10 mutate a pool of sequences blir.dly (without sequence information other than 
printers). 

The advantage of the ni.tanenic shcfrling of tills invention over cnor-prone 
PCR alone for repeated seleclioPi cr::i best be explained with an example from antibody 

20 cngineenni;. In Figure I \s shewn 2 prior an scherr/alic diagram of DNA shuffling as 
compared with error-prone PCR (no: sexual PCR). The Initial library of selected pooled 
sequences can consist of related sequences of diverse origin (i.e. antibodies from naive 
mR^NA) or can be derived by any t::.pe ot^ mutagenesis (including shullllng) of a single 
antibody gene. A collection of selected complcmer.:arit^Y determining regions ("CDRs") 

25 is obtained after the first round of affmity selccuon (Fig. 1). In the diagram the thick 
CDRs confer onto the antibody molecule increaseu rilT.r.ity for the antigen. Shuffling 
allows the free combinatorial association of ali of tne CDRls with all of the CDR2s with 
all of the CDR3s. etc. 
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This method differs from error-prone FCR; in that it is an inverse chain 
reaction. In error-prone PCR, the number of polymerase start sites and the nunnber of 
molecules grows exponentially. However, the sequence of the polymerase start sites and 
the sequence of the molecules remains essentially the same. In contrast, in nucleic acid 
5 reassembly or shuffling of random polynucleotides the number of start sites and the 
number (but not si2c) of the random polynucleotides decreases over lime. For 
polynucleotides derived from whole plasmids the theoretical cndpoint is a single, large 
concatemeric molecule. 

Since cross-overs occur at regions of homology, recombination will primarily 
10 occur between members of the same sequence family. This discourages combinations 
of CDRs thai are grossly incompatible (c.l;., directed against different epitopes of the 
same antigen). It is contemplated that multiple; families of sequences can be shuffled in 
the same reaction. Funher, shuffling generally conser\'es the relative order, such thai, 
for example, CDRl will not be found in the posr.ion of CDR2. 
15 Rare shufflants will contain a lar^;^- number of the best (eg. highest afilnity) 

CDRs and these rare shufflants may be sclcctc:: based on iheir superior affinity (Fig. 1 ). 
CDRs from a pool of 1 00 different selected ar.iibody sequences can be pcrmutatcd in up 
10 1006 different ways. This large number of permutations cannot be represented in a 
single library of DNA sequences. Accordingly, il is contemplated that multiple cycles 
20 of DNA shuflling a:id selection rr^av rcauircc depending on the length of :hc sequence 
aiid the sequence divcrsif;.' desired. 

Error-prone PCR, in contrast, keeps all the selected CDRs in the same relative 
sequence (Fig. 1), generating a much smaller mutant cloud. 

The template polynucleotide which may be used in the methods of this 
25 mvention may be DNA or RN A. It may be of various lengths depending on the sl/e of 
the gene or shorter or smaller polynucleotide to be rccombined or reassembled. 
Preferably, the template polynucleotide is from 50 bp to 50 kb. It is contemplated that 
entire vectors containing the nucleic acid encoding the protein of interest can he used in 
the rhethods of this invention, and in fact ha\ e been successfully used. 
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The template polynucleotide may be obtained by amplification using the PGR 
reaction (U.S. Patent No. 4,683,202 and 4,683.195) or other amplification or cloning 
methods. However, the removal of free primers from the PGR products before :iubjecting 
them to pooling of the PGR products and sexual PGR may provide more efficient results. 
5 Failure to adequately remove the primers from the original pool before sexual PGR can 
lead to a low frequency of crossover clones. 

The template polynucleotide often should be double-stranded. A dou- 
ble-stnmded nucleic acid molecule is recommended to ensure that regions of the resulting 
single- stranded polynucleotides ars complementary to each other and thus can hybridize 
10 to form a double-stranded molecule. 

It is contemplated that single-stranded or double-stranded nucleic acid 
polynucleotides having regions of identity lo the lemplale polynucleotide and regions of 
heterology to the template polynucleotide may be added lo the template polynucleotide, 
at this step. U is also contemplated that t^vo different but related polynucleotide 
1 5 templates can be mi.xed at this step. 

The double-stranded potynuclcoiice templa'.c and any added double-or 
singlc-s:randcd polynucleotides are subjected lo sexual PGR which includes slowing or 
liattinn lo provide a mixture of from ab^u: 5 bp to 5 kb or more. Preferably the size of 
the random pol>'nucleotides is froT. aboi:: 10 bp to 1000 bp. more preferably the size of 
20 the polynucleotides is from about 20 bp to 500 bp. 

Alternatively, it is also conlemp!a:ed thai doubic-stranded nucleic acid having 
multiple nicks may be used m tne methods of this invention. A nick is a break in one 
strand of the double -.stranded nucleic acid. Th.e distance between such nicks is preferably 
5 bp lo 5 kb, more preferably between 1 0 bp lo 1000 bp. This can provide areas of self- 
25 priming to produce shorter or smaller polynucleotides to be included with the 
polynucleotides resulting from random primers, for example. 

The concentration of any one specific poi>Tiuc!cotidc will not be greater than 
1% by weight of the total polynucleotides, n^.ore preferably the concentration ofany one 
specific nucleic acid sequence will not be greater ihan 0.1% by weight of the total nucleic 
30 acid. 
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The number of different specific polynucletides in the mixture wilJ be at icast 
about 100, preferably at least about 500, and moic preferably at least about 1000. 

At this step singie-strandcd or double-stranded polynucleotides, either 
synthetic or natural, may be added lo tiic random double-stranded shorter or smaller 
5 polynucleotides in order to increase the heterogeneity of the mixture of polynucleotides. 

It is also contemplated that populations of double-stranded randomly broken 
pol)'nuclcotides may be mixed or combined at this step vviih the polynucleotides from the 
sexual PCR process and optionally subjected to one or more additional sexual PCR 
cycles. 

10 Where insertion of mutations into the template polynucleotide is desired, 

single-stranded or double-stranded polynucleotides having a region of identity to the 
template polynucleotide and a region of hcicroiogy to the template polynucleotide may 
be added in a 20 fold excess by weigh: 2s compared to the tola! nucleic acid, more 
preferably the singlc-s:randcd polynucleo:) J-3 may be added in a 10 fold excess by 

5 weight as compared to the total nucleic a:: J 

WTiere a mixture of diffcrcr/i b'j: iz'.i'xd template polynucleotides is desired, 
popuiaiions of polyn'Jclcoiides f:on each of the templates may be combined at a ratio 
ofless than about 1 ; 1 00, more p:er;^m::y th» ratio is less than about 1 :40, For example, 
a bnckcross of the vv;id-r>pe poiyn'JcL-a'idc with a population of miuatcd polynucleotide 

0 nay be desired to ei;m:nat^ r.-u::::: :r, .:::::or,s (e.g., mutations yielding an insubstantial 
alteration in the phcnotyoic pTOpcr^ re,:^g selected for). In such an example, the ratio 
of randomly provided wild-type pc;vr.uilco:ides which may be added to the randomly 
provided sexual PCPv cycle mu^ari: polyn^jcleotides is approximaiely 1 : ] to about \ 00: 1 , 
and more preferably from 1:1 to 40; I . 

5 The mixed population of random polynucleotides are denatured to fonn 

single-stranded polynucleotides and then rC'irmealed. Only those single-stranded 
polyTiucleotides having regions of homoiL'.: - v.r.h olhcr single-stranded polynucleotides 
will re-anneal. 

The nmdom polynucleotides iray be denatured by heating. One skilled in the 
G an could determine the conditions necessar-- ;o completely denature the double-stranded 
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nucleic acid. Preferably the temperature is from 80 °C to 100 °C, more preferably the 
temperature is from 90 ^'C lo 96 °C, other methods which may be used to denature the 
polynucleotides include pressure (36) and pH. 

The polynucleotides may be re-annealed by cooling. Preferably the 
5 temperature is from 20 ""C to 75 °C, more preferably the temperature is from 40 *'C to 
65 °C. If a high frequency of crossovers is needed based on an average of only 4 
consecutive bases of homology, recombination can be forced by using a low annealing 
temperature, although the process becomes more difficult. The degree of rcnaturation 
which occurs will depend on the degree of homology between the population of 

10 single-stranded polynucleotides. 

Renatumtion can be accelerated by the addition of polyethylene glycol 
("PEG") or salt. The salt concentration is pref^rrabiy from 0 mM to 200 mM, more 
preferably the salt concentration is from 1 0 m.M to 1 00 mm. The salt may be KCt or 
NaCi. The concentration of PEG is preferably Irom 0:4. to 20%, more preferably from 

15 5% 10 10%. 

The annealed polynucleotides arc next incubated in the presence of a nucleic 
acid polymerase and dNTP's (i.e. DATP, dCTP. DGTP and DTTP). The nucleic acid 
polymerase may be the KIcnow rr^ignen:, Ib.e Taq polymerase or any other DNA 
poisTr.erasc known in the an. 

Th.e approach lo be used for ir.c assembly depends on the minimum degree 
01 horr.oloiiy that should suit yield crossovers. If the areas of identity are large, Taq 
po]\Tneri3ccan be used v^-ith ss\ anr:ca!ing terriperature of between 45-65 ''C. If the areas 
of ideatiry- are small, Klenow polsTnerase can be used with an annealing temperature of 
between 20-30 °C. One skilled in the an could vnr)' the temperature of annealing to 
25 increase the number of cmss-overs achieved. 

The polymerase may be added to the random polynucleotides prior lo 
armealing, simultaneously v.'ith annealing or afver annealing. 

The cycle of denaturation, rcnat'j:a:;(::'. ::nd incubation in the presence of 
polymerase is referred to herein as shuffling or re?.sscmbly of the nucleic acid. This 
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cycle is repeated for a desired number of times. Preferably the cycle is repeated from 2 
lo 50 times, more preferably the sequence is repeated from 10 to 40 times. 

The resulting nucleic acid is a larger double-stranded polynucleotide of from 
about 50 bp to about 100 kb, preferably the larger polynucleotide is from 500 bp to 50 
5 kb. 

This larger polynucleotides may contain a number of copies of a polynucleo- 
tide having the same size as the template polynucleotide in tandem. This concatcmeric 
polynucleotide is then denatured into single copies of the template polynucleotide. The 
result will be a population of polynucleotides of approximately the same size as the 

10 template polynucleotide. The population will be a mixed population where single or 
doubie-stranded polynucleotides having an area of identity and an area of heterology 
have been added to the template polynucleotide prior to shuffling. 

These polynucleotides arc then cloned into the appropriate vector and the 
ligation mixture used to transform bactcna. 

15 It is contemplated that the single polynucleotides may be obtained from the 

larger concaiemeric pol>Tiucleotide by amplification of the single polynucleotide prior 
to cloning by a variety of methods including PGR (U.S. Patent No. 4,683,195 and 
4,6S3.202). rather than by digestion of the concatcmer. 

The vector used for cloning is no: critical provided that it will accept a 

20 polynucleotide of the desired sizo. If expression of the pnnicuiar polynucleotide is 
desired, the cloning vehicle should fuahe: comprise transcription and translation signals 
ne.Kl to the site of insertion of the poj)-ni:cleotlde lo allow expression of the polynucleo- 
tide in the host cell. Preferred vectors include the pUC series and the pBR series of 
plasmids. 

25 The resulting bacterial population will include a number of rccombinanl 

polynucleotides having random mutations, llus mixed population may be tested to 
identify the desired recombinant po}>TiiJcieotiJe5. Tnc method of selection will depend 
on the polynucleuilde desired. 

For example, if a poIvTiucIeotide which encodes for a protein with increased 

30 binding efficiency lo a ligand is desired, the prorcins expressed by each of the portions 
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of the polynucleotides in the population or library may be tested for their ability to bind 
to the ligand by methods known in the art (i.e. panning, affinity chromatography). If a 
polynucleotide which encodes for a protein with increased drug resistance is desired, the 
proteins expressed by each of the polynucleotides in the population or library may be 
5 tested for their ability to confer drug resistance to the host organism. One skilled in the 
art, given knowledge of the desired protein, could readily test the population to identify 
polynucleotides which confer the desired properties onto the protein. 

It is contemplated that one skilled in the art could use a phage display system 
in which fragments of the protein are expressed as fusion proteins on the phage surface 

10 (Pharmacia, Milwaukee WI). The recombinanl DNA molecules arc cloned into the' 
phage DNA at a site which results in the transcHpiior. of a fusion protein a portion of 
which is encoded by the recombinant DNA rr.olecule. The phage containing the 
recombinant nucleic acid molecule undergoes replicniion and transcription in the cell. 
The leader sequence of the fusion protein d;rec:s the iransport of the fusion protein to the 

15 tip of the phage particle. Thus the fusion protein \vhich is partially encoded by the 
recombinant DNA molecule is displayed on Li': phage particle for detection and selection 
by the methods described above. 

It IS further contemplated ^hn: a number of cycles of nucleic acid shuftling 
may be conducted with polynucieotides from a sub-population of ihc first population, 

20 which sub-population contains DN.A encod:r.g the desired recoinbinant protein. In this 
manner, proteins with even higher binding afTmities or enzymatic activity could be 
achieved. 

It is also contemplated that a number of cycles of nucleic acid shuffling may 
be conducted with a mixture of wild-t^pc polynucleotides and a sub-population of 
25 nucleic acid from the first or subsequent rounds of nucleic acid shuffling in order to 
remove any silent mutations from the sut^pcpula-.icn. 

Any source of nucleic acid, in punf:ed fom'i can be utilized as the starting 
nucleic acid. Thus the process may employ DNA or FINA including messenger RNA, 
which DNA or RNA may be single or double su-ar.ded. In addition, a DNA-RN A hybrid 
30 which contains one strand of each may be util: :ed. The nucleic acid sequence 
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may be of various lengths depending on the size of the nucleic acid sequence to be 

nnutated. Preferably the specific nucleic acid sequence is from 50 lo 50000 base pairs. 

It is contemplated that entire vectors containing the nucleic acid encoding the protein of 

interest may be used in the methods of this invention. 
5 The nucleic acid may be obtained from any source, for example, from 

piasmids such a pBR322, from cloned DNA or RN A or from natural DNA or RNA from 
any source including bacteria, yeast, viruses and higher organisms such as plants or 
animals. DNA or RNA may be extracted from blood or tissue material. The template 
poly-nucleotide may be obtained by amplification using ihc polynucleotide chain reaction 
10 (PGR) (U.S. Patent no. 4.683,202 and 4,683,195). Aitematively, the polynucleotide may 
be present in a vector present in a eel! and sufficient nucleic acid may be obtained by 
cu[mring the celt and extracting the nucleic acid from the cell by metliods known in the 
art. 

Any specific nucleic acid sequence can be used to produce the population of 
15 mutants by the present process. It is only necessary that a small population of muiant 
scquence.s of the specific nucleic acid sequence exist or be created prior to the present 
process. 

The initial smal! populalio.-i of the specific nucleic acid sequences having 
mutations may be created by a number of different methods. Mutations may be created 

20 by error-prone PCR. Error-prore PGR uses low-Hdelily po'.ymeri^ilion condllions lo 
introduce a low level of point inuiauons randomly over a long 5eqi:ence. /Mtemati vciy, 
mutations can be introduced into \hc template polynucleotide by oligonuclco- 
tjde-directed mutagenesis. In oligonucieotide-dircctcd mutagenesis, a short sequence of 
the polynucleotide is removed from the polynucleotide using restriction enzyme 

25 digestion and is replaced v^'ith a synthetic po!>Tiucleocide in which various bases have 
been altered from* the original sequence. Tne polynucleotide sequence can also be altered 
by chemical mutagenesis. ChemicaJ mutagens include, for example, sodium bisulfite, 
nitro'js acid, hydroxylamine, hydrazine o: forn;ic acid, other agents which arc analogues 
of nucleotide precursors include nilrosoguanidine, 5-bromouracil, 2-aminopurine, or 

30 acndine. Generally, these agents arc added to 'he PCR reaction in place of the nucleotide 
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precursor thereby mutating the sequence. Intercalating agents such as proflavine, 
acriflavine, quinacrine and the like can also be used. Random mutagenesis of the 
polynucleotide sequence can also be achieved by irradiation with X-rays or ultraviolet 
light. Generally, plasmid polynucleotides so mutagcnized are introduced into E. colt and 
5 propagated as a pool or library of mutant plasmids. 

Alternatively the small mixed population of specific nucleic acids may be 
found in nature in that they may consist of different alleles of the same gene or the same 
gene from different related species (i.e., cognate genes). Alternatively, they may be 
related DNA sequences found within one species, for example, the immunoglobulin 
10 genes. 

Once the mixed population of the .specific nucleic acid sequences is 
generated, the polynucleotides can be used directly or inscncd into an appropriate 
cloning vector, using techniques well-known in. the an. 

The choice of vector depends or. the s':7.c cf ihe polynucleotide sequence and 

15 the host cell to be employed in the meihocs of :his invention. The templates of this 
invention may be plasmids. phages. cosrrAds, nhagcmids, viruses (e.g., retroviruses, 
parainfluenza virus, herpesviruses, rcovipjscs, p2rani;v Aoviroscs, and the like), or selected 
portions thereof (e. g., coat protein, sp:l';c glycoprotein, capsid protein). For example, 
cosmids and pnagemids are preferred vsnere the specific nucleic acid sequence to be 

20 mutated is larger because these vectors are able lo stably propagate large polynucleo- 
tides. 

If the mixed population cf ir.c specific nucleic acid sequence \s cloned into 
a vector it can be clonally amplified by inserting each vector into a host cell and allowing 
the host cell to amplify' the vector. Tnis is referred to as clonal amplification because 
25 while the absolute number of nucleic acid sequences increases, the number of mutants 
does not increase. Utility can be readily determined by screening expressed polypep- 
tides. 

The DNA shuffling method of this ir.vention can be performed blindly on a 
pool of unknown sequences. By adding to the reassembly mixture oligonucleotides (with 
30 ends that are homologous to the sequences being rea:isembled) any sequence mixture can 
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be incorporated at any specific position into another sequence mixture. Thus, ii is 
contemplated that mixtures of synthetic oligonucleotides, PCR polynucleotides or even 
whole genes can be mixed into another sequence library at defined positions. T!.c 
insertion of one sequence (mixture) is independent from the insertion of a sequence in 
5 another part of the template. Thus, the degree of recombination, the homology required, 
and the diversity of the library can be independently and simultaneously varied along the 
length of the reassembled DNA. 

This approach of mixing two genes may be useful for the humanization of 
antibodies from murine hybridomas. The approach of mixing two genes or inserting 
10 mutant sequences into genes may be useful for any therapeutically used protein, for 
example, interleukin I, antibodies, tPA, growih hormone, etc. The approach may also be 
useful in any nucleic acid for example, promoters or introns or 3 1 untranslated region or 
51 UiUranslatcd regions of genes to increase expression or alter specificity of expression 
of proteins. The approach may aJso be used to mutate riboz>Tnes or aptamers. 
1 5 Shuffling requires the presence of homologous regions separating regions of 

diversity. Scaffold-like protein structures may be panicularly suitable for shuffling. The 
conscp/ed scaffold dctermtncs the overall folding by self- association, while displaymg 
relatively unresuicied loops iha: medjate thi specific binding. Examples of such 
scaffolds arc the immunoglobulin bcia-barrel, and the four-helix bundle which are wctl- 
20 knov.Ti m :he ar., Tb.is shuffi:r.g can be used lo create scaffoid-iike proteins wit!; various 
combinations of mucatcd sequences for binding. 

In Vitro S huff! in:: 

The equivalents of some standard genetic malings may also be pcrfonned by 
shuffling in vitro. For example, a "m.oiecular backcross" can be performed by repeatedly 
25 mixing the mutant's nucleic acid uqth the wild-type nucleic acid while selecting for the 
mutations of inieresl . As in traditional breeding, this approach can be used lo combine 
phenotypes from difTercni sources inio a background of choice. It is useful, for example, 
for the removal of neutral mutations that affect unselected characteristics (i.e. 
i.Timunogcnicity). Thus it can be useful to determine which mutations in a protein are 
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involved in the eahanced biological activity and which are not, an advantage which 
cannot be achieved by enror-prone mutagenesis or cassette mutagenesis methods. 

Large, functional genes can be assembled conrectly from a mixture of small 
random polynucleotides. This reaction may be of use for the reassembly of genes from 
5 the highly fragmented DNA of fossils. In addition random nucleic acid fragments from 
fossils may be combined with pol>Tiucleotides from similar genes from related species. 

It is also contemplated that the method of this invention can be used for the 
in vi(ro amplification of a whole genome from a single cell as is needed for a variety of 
research and diagnostic applications. DNA amplification by PGR is in practice limited 
10 to a length of about 40 kh. Amplification of a whole genome such as that of £ coli (5/ 
000 kb) by PGR would require about 250 primers yielding 125 forty kb polynucleotides. 
This approach is not practical due to the unavailability of sufficient sequence data. On 
the other hand, raxidom production of pot>T.ucleoudes of the genome with sexual PGR 
cycles, followed by gel purification of small polynucleotides will provide a multitude of 
15 possible primers. Use of this mix of random small polynucleotides as primers in a PGR 
reaction alone or with the whole genome as the template should result in an inverse chain 
reaction with the theoretical endpoint of a single concatcmcr containing many copies of 
the genome. 

1 00 told ampIif:cation in tlje copy number and an average polynucleotide size 
20 of erealer than 50 kb may be obtained when only random polynucleotides are used, it 
is thought that th;: larger concatcmcr is generated by overlap of many smaller polynuc- 
leotides. The quality of specific PCP. produc's obtained using syn'.hctic primers will be 
indistinguishable from the product obtained from unampiified DNA. It is expected that 
this approach will be useful for the mapping of genomes. 
25 The polynucleotide to be shuffled can be produced as random or non-randorn 

polynucleotides, at the discretion of the practitioner. 



In Vivo Sh.uniir.r. 

in an embodiment of in vivo shuffling, the mixed population of the specific 
nucleic acid sequence is introduced into bacterial or cukaryotic cells under conditions 
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such thai at least two different nucleic acid sequences are present in each host cell. The 
polynucleotides can be introduced into the host cells by a variety of difTerent methods. 
The host cells can be transformed with the smaller polynucleotides using methods known 
in the art, for example treatment with calcium chloride. If the polynucleotides are 
5 inserted into a phage genome, the host cell can be transfected with the recombinant phage 
genome having the specific nucleic acid sequences. Alternatively, the nucleic acid 
sequences can be introduced into the host cell using electroporatton, transfcction, 
hpofcction, biohstics, conjugation, and the like. 

In general, in this embodiment, the specific nucleic acids sequences will be 
iO prcs&ni in vectors which are capable of stably replicating the sequence in the host cell. 
In addition, it is contemplated that the vectors will encode a marker gene such that host 
cells having the vector can be selected. This ensures that the mutated specific nucleic 
acid sequence can be recovered after introduciion into the host cell. Mowcver, it is 
conlemplated that the entire mixed population of the specific nucleic acid sequences need 
15 not be present on a vector sequence. Rather only a sufticient number of sequences need 
be cloned into vectors to ensure that aitcr introdiiction of the polynucleotides into the 
host cells each host eel! contains one vec(or having at least one specific nucleic acid 
sequence present therein, l! is ai.so conicmpbicd that rather than having a subset of the 
population of the specific nucleic ac:d5 sequences cloned into vectors, this subset may 
20 be already stably integrated ir.io the host cell. 

U has been fo'jnd tral when two polynucleotides which have regions of" 
iccntily arc mserted into the hosL ceils homologous recombination occurs between the 
t\vo pol>*nucleotides. Such recombination between the two mutated specific nucleic acid 
sequences will result in ihe production of double or triple mutants in som.e situations. 
25 U has also been tound tha^ ihc frequency of recombination is increased if 

some of the mutated specific nucleic acid sequences are present on linear nucleic acid 
molecules. Therefore, in a preferred embodiment, some of the specific nucleic acid 
sequences are present on linear polynucleoiidcs. 

After transformation, the host cell transformants are placed under selection 
30 to idcntifr' those host cell transforman's whi^h contain mutated specific nucleic acid 
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sequences having the qualities desired. For example, if increased resistance to a 
particular drug is desired then the transformed host cells may be subjected to increased 
concentrations ofthe particular drug and those transfonmants producing mutated proteins 
able to confer increased drug resistance will be selected. If the enhanced ability of a 
5 particular protein to bind to a receptor is desired, then expression of the protein can be 
induced from the transformants and the resulting protein assayed in a ligand binding 
assay by methods known in the art to identify that subset of the mutated population 
which shows enhanced binding to the ligand. Altcmaiively, the protein can be expressed 
in another system to ensure proper processing. 
10 Once a subset of the first rccombined specific nucleic acid sequences • 

(daughter sequences) having the desired characteristics arc identified, they are then 
subject to a second round of recombination. 

in the second cycle of recombination, ih^ rccombined specific nucleic acid 
sequences may be mixed with the original mi::-::j specific nucleic acid sequences 
15 (parent sequences) and the cycle repeated as described above. In this way a set of second 
rccombined specific nucleic acids sequences ca:; b-j identified which have enhanced 
characierisLics or encode for proteins having crLnanced properties. This cycle can be 
repeated a number of limes as desired. 

It is also contemplated that m \r,z second or subsequent recombination cycle, 
20 a backcross can be performed. .A molccu:?.: backcross can be performed by mixing the 
desired specific nucleic acid sequences v-i\:^ 2 iarec number ofthe wild-type sequence, 
such lha: at least one wi!d-*>7^e nu:'.c:c acid sequence and a mutated nucleic acid 
sequence arc present in the same hosl cell auer transforma*ion. Recombination with the 
wild-type specific nucleic acid sequence wij! eliminate those neutral mutations that may 
25 affect unscicctcd characteristics such as immunogenicity but not the selected characteris- 
lics. 

In another embodiment of this mver/.: is contemplated that during the 
first round a subset ofthe specific nucleic aciJ !;?;:;.:::;ces can be generated as smaller 
polynucleotides by slowing or halting their PCR a:r.p:::xation prior to introduction into 
30 the host cell. The size of the pol>mucleotides murK be large enough to contain some 
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regions of identity with the other sequences so as to homologously recombine with the 
other sequences. The size of the polynucleotides will range from 0.03 kb to 100 kb more 
preferably from 0. 2 kb to 10 kb. It is also contemplated that in subsequent rounds, all 
of the specific nucleic acid sequences other than thw sequences selected from the previous 
5 round may be utilized to generate PCR polynucleotides prior to introduction into the host 
cells. 

The shorter polynuclcolide sequences can be single-stranded or dou- 
ble-stranded. If the sequences were originally single-stranded and have become double- 
stranded they can be denatured with heat, chemicals or enzymes prior to insertion into 

10 the host cell. The reaction conditions suitable for separating the strands of nucleic acid 
are well known in the art. 

The steps of this process can be repeated indefinitely, being limited only by 
the number of possible mutants which dan be achieved. After a certaimnumbcr of cycles, 
all possible mutants will have been achieved -nd fu.^her cycles are redundant. 

15 In an embodiment the s^mc mL:a:-d rcmplate nucleic acid is repeatedly 

rccombincd and the rcsullini^ recombinanls sclccied for th" desired characteristic. 

Therefore, the ininal pool or population of mutated template nucleic 
acid is cloned into a vector capable of replicating in a baciena such as E. coll The 
panicular vector is not essential, so long as it is capable of autonomous replication in E. 

20 coli. In a preferred embodimcr.:, the vector is dcs:2x.cd to allow the expression and 
production of any protein encoded by the muta'cd spcciilc nucleic acid linked to the 
vector. It is also preferred tha: the vector conlain a gene encoding for a selectable 
marker. 

The population of veciors containing ihe poo! of mutated nucleic acid 
25 sequences is introduced into the E. coli host cells. Tne vector nucleic acid sequences 
may be introduced by transformation, transfccticn or infection in the case of phage. The 
concentration of vectors used to transfonr. t*:va haaleria is such that a number of vectors 
is introduced into each cell. Once present \:\ the cell, the eftlciency of homologous 
recombination is such tiiat homologous rc:o:T;bination occurs between the various 
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vectors. This results in the generation of mutants (daughters) having a combination of 
mutations which difTer from the original parent mutated sequences. 

The host cells arc then clonaily replicated and selected for the marker gene 
present on the vector. Only those cells having a plasmid will grow under the selection, 
5 The host cells which contain a vector arc then tested for ihe presence of 

favorable mutations. Such testing may consist of placing the cells under selective 
pressure, for example, if the gene to be selected is an improved drug resistance gene. If 
the vector allows expression of the protein encoded by the mutated nucleic acid 
sequence, then such selection m.ay include allowing expression of the protein so encoded, 
10 isolation of the protein and testing of the protein to determine whether, for example, it - 
binds with increased efficiency to the ligand of interest. 

Once a panicular daughter mutated nucleic acid sequence has been identified 
which conirs the desired characteristics, th: nucleic acid is isolated either already linked 
to the vector or separated from the vector. This nucicic acid is then mixed with (he first 
15 or parent population of nucicic acids and the cycic is repealed. 

It has been shown that by ihis rr.cthod nucleic acid sequences havine 
enhanced desired properties can be selected. 

In an alternate embodiment. :he firs' gep.erancn cf mutants are retained in the 
cells and the parental mutated sequences are added again to the cells. Accordingly, the 
20 fir.s: cycic of Embodiment I is condjctcd a", described above. However, after the 
daughter nucleic acid sequence.^ are ;der.:iri-;d, tne host cells containing these sequences 
are retained, 

Tne paient mutated specific nucleic acid population, either as poI>Tiuclcotides 
or cloned into the same vector is introduced m'.o U)c host cells already containing the 
25 daughter nucicic acids. Rccor^ibination is allowed to occur in the cells and the next 
generation of recombinanis, or granddaughters are selected by the methods described 
above. 

This cycle can be repeated a number of lirr.cs until the nucleic acid or peptide 
having the-desired characteristics is obtained. 1: is contemplated that in subsequent 
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cycles, the population of mutated sequences which are added to the preferred mutants 
may come from the parental mutants or any subsequent generation. 

In an ahemative embodiment, the invention provides a method of conducting 
a "molecular" backcross of the obtained recombinant specific nucleic acid in order to 
5 eliminate any neutral mutations. Neutral mutations are (hose mutations which do not 
confer onto the nucleic acid or peptide the desired properties. Such mutations may 
however confer on the nucleic acid or peptide undesirable characteristics. Accordingly, 
il is desirable to eliminate such neutral mutations. The method of this invention provide 
a means of doing so. 

0 In this embodiment, after the mutant nucleic acid, having the desired 

characteristics, is obtained by the methods of the embodiments, the nucleic acid, the 
vector having the nucleic acid or the host cell containing the vector and nucleic acid is 
isolated. 

The nucleic acid or vector is then ir.'.roduced into the host cell with a large 
5 excess of the wild-t)pe nucieic acid. The nucleic p.c:d of the mutant and the nucleic acid 
of the wiid'typc sequence are allowed \o rccon^binc. The resulting recombinants are 
placed under the same selection as the muiani nucleic acid. Only those recombinants 
^vh:ch retained the desired charactensiics u il! be selected. Any silent mutations which 
do no; provide the desired characleris:ics Vritt be los: through recombination with the 
3 wild-type DNA. This cycle can be r-:p:aicd a number of times until ail of the silent 
mutanons arc eiimina;cd. 

I'hus the mclhods ofinis ;r.venlion can be used in a molecular backcross to 
eliminate unnsccssarv' or silent mutauons, 

Utiliiv 

5 The in vivo rccombinalion mc'hod of 'his invention can be performed blindly 

on a pool of unknown muiants or a!leli!s cf a specific poKmuclcotidc or sequence. 
However, it is not necessary' to know the actual DNA or RNA sequence of the specific 
polynucleotide. 
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The approach of using recombination within a mixed population of genes can 
be useful for the generation of any useful proteins^ for example, interleukin I, antibodies, 
t PA. growth hormone, etc. This approach may be used to generate proteins having 
altered specificity or activity. The approach may also be useful for the generation of 
5 mutant nucleic acid sequences, for example, promoter regions, introns, exons. enhancer 
sequences, 31 untranslated regions or 51 untranslated regions of genes. Thus this 
approach may be used to generate genes having increased rates of expression. This 
approach may also be useful in the study of repetitive DNA sequences. Finally, this 
approach may be useful to mutate ribozymes or aptamcrs. 

10 Scaffold-likc regions separating regions of diversity in proteins may be. 

particularly suitable for the methods of this invention. The conserved scafTold 
determines the overall folding by self-association, while displaying relatively unrestricted 
loops that mediate the specific binding. Examples of such scaffolds are the immunoglob- 
ulin beta barrel, and the four-helix bundle. The methods of tliis invention can be used 

15 to create scaffold-likc proteins with varioijs conVoinations of mutated sequences for 
binding. 

The equivalents of some standard gencilc matings may also be performed by 
the methods of this invention. For example, a "niolecular" backcross can be perfomied 
by repeated mixing of the mutant's nucleic acid with the wild-type nucleic acid while 
20 selecting for the mutations of intercs:. As in traditional breeding, this approach can be 
used to combine phenotypes from differcni sources into a background of choice. It is 
useful, for example, for the removal of neutral mutations that affect unselccted 
characteristics (i.e. immunogcniciry), Thus ii can be useful to determine which mutations 
in a protein are involved in the cnlianccd biological activity and which are not. 

25 Peptide Displav Methods 

The present method can be used to shuffle, by in viiro and/or in vivo 
recombination by any of the disclosed methods, and in any combination, poKmucleotide 
sequences selected by peptide display methods, wherein an associated polynucleotide 
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encodes a displayed peptide which is screened for a phenotype (e.g., for affinity for a 
predetermined receptor (ligand). 

An increasingly important aspect of bio-pharmaceutical drug development 
and molecular biology is the identification of peptide structures, including the primary 
5 amino acid sequences, of peptides or pcptidomimetics that interact with biological 
macromoleculcs. one method of identifying peptides that possess a desired structure or 
functional property, such as binding to a predetermined biological macromolccule (e.g., 
a receptor), involves the screening of a large library or peptides for individual library 
members which possess the desired smjcture or functional property conferred by the 

10 amino acid sequence of the peptide. 

In addition to direct chemical syn'hcsis methods for generating peptide 
libraries, several recombinant DNA n^clhods also hnve been reported. One type involves 
the display of a peptide sequence, ^nubozly. or other protein on the surface of a 
bacteriophage particle or cell. Generally, in methods each bacteriophage particle 

15 or cell serves as an individual librar)' member splaying a single species of displayed 
peptide in addition to the natural bacienop:inrv^ or celt protein sequences. Each 
bacteriophage or cell contains the nucleoli^: sequence information encoding the 
particular displayed peptide scc/jeiKe; th'js, the displayed peptide sequence can be 
asccnamed by nucleotide sequence de:-:r:r.in3;ion of an isolated library member, 

20 A welt-knouTi pcp;ide di^-Ir.- :r.e*h->j involves the presentation of a peptide 

sequence on the surface of a riia::v;r.:o;:s bacieriophngc, topically as a fusion \virn a 
bacteriophage coat pro:eir.. The bacteriophage library can be incubated with an 
immobilized, predetermined mac:ornolecu!e or smaii molecule (e.g., a receptor) so that 
bacteriophage panicles which present a peptide sequence that binds to the immobilized 

25 macromolecule can be ditTerentially partitioned from those that do not present peptide 
sequences that bind to the predetermined irtacromolccule, The bacteriophage panicles 
(i.e., libr;iry members) which arc bound 1: v..-: immobilized macromolecule are then 
recovered and replicated to amplify the s-j>:.':J bacteriophage sub-population for a 
subsequent round of affinity enrichment an J pr a.^e replication. After several rounds of 

30 affinity enrichment and phage replication, the bacteriophage library members that are 
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thus selected are isolated and the nucleotide sequence encoding the displayed peptide 
sequence is determined, thereby identifying the 5equ^nce(s) of peptides that bind to the 
predetermined macromolecule (e.g., receptor). Such methods are further described in 
PCT patent publication Nos. 91/1 727 1 , 9 1/1 8980, and 9 1/l 98 1 8 and 93/08278. 
5 The latter PCT publication describes a recombinant DNA method for the 

display ofpeptide ligands that involves the production of a library of fusion proteins with 
each fusion protein composed of a first polypeptide portion, typically comprising a 
variable sequence, that is available for potential binding to a predetermined macromole- 
cule, and a second polypeptide portion that binds to DNA, such as the DNA vector 

10 encoding the individual fusion protein. When transformed host cells are cultured under. . 
conditions that allow for expression of the fusion protein, the fusion protein binds to the 
DNA vector encoding it. Upon lysis of the host cell, the fusion protein/vector DNA 
complexes can be screened against a predetermined macromolecule in much the same 
way as bacteriophage panicles are screened in [he ph^gc-bascd display system, with the 

15 replication and sequencing of the DN.A vectors in ihz selected fusion proiein'vcctor DNA 
complexes serving as the basis for iden'.ificaiior. of the selected library peptide 
scqucnce(5). 

Other systems fo.- gcncra::ng libraries of peptides and like polymers have 
aspects of both the recombinant and in vum chemical synthesis methods. In these hybrid 

2'J methods, ccll-frcc enzvinatic machmer;- is eT.ploycd to accomplish the in vitro synthesis 
of the library mcm.bcrs (i.e., peptides or p:;:ynuLico[ides). In one type of method, Rj\A 
mo!ccuies with the ability to bind a pr:dc:crmiacd protein or a predetermined dye 
moieculc were selected by altemaic rounds of selection and PGR amplirication (Tuerk 
and Gold ( 1990) Science 2-^9: 505. Ellington and Szosiak (1990) Nature 346: 8181 A 

25 similar technique was used to identify DN.A sequences which bind a predetermined 
human transcription factor (Thiesen and Bach (1990) Nucleic Acids Res . IS; 3203; 
Beaudr/ and Joyce (1992) Science 257; 635; PCT patent publication Nos. 92/0525S and 
92/14843). In a similar fashion, the techniqi:e of />; vitro translation has been used to 
synthesizc-protcins of interest and has been proposed as a method for generating large 

30 libraries of peptides. These methods which rc!y upon m vitro translation, generally 
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comprising stabilized polysome complexes, are dejcribed further in PCT patent 
publication Nos. 88/08453, 90/05785, 90/07003. 91/02076, 91/05058. and 92/02536. 
Applicants have described methods in which library members comprise a ftjsion protein 
having a first polypeptide portion with DNA binding activity and a second polypeptide 
5 portion having the library member unique peptide sequence; such methods arc suitable 
for use in cell-free in viiro selection formats, among others. 

The displayed peptide sequences can be of varying lengths, typically from 
3-5000 amino acids long or longer, frequently from 5-100 amino acids long, and often 
from about 8-15 amino acids long. A library can comprise library members having 
10 varying lengths of displayed peptide sequence, or may comprise librar}- members having 
a fixed length of displayed peptide sequence. Portions or all of the displayed peptide 
sequencc(s) can be random, pseudorandom, defined set kemal. fixed, or the like. 'Ibe 
present display methods include methods for in '^uro and in vivo display of single-chain 
antibodies, such as nascent scFv on polysomes cr scfv displayed on phage, which enable 
15 large-scale scr^^ening of scfv libraries having broad diversity of variable region sequences 
and binding specificities. 

The present invention als^ provides random, pseudorandom, and dcfmed 
sequence framework peptide libranes ?.r.d methods tor generating and screening those 
Iibrtuies to identify useful compounds (e.g., peptides, including sinijle-chain antibodies) 
20 that bind to receptor molecules cr t:p::opes of mteres; or gene products that modify 
peptides or RNA in a desired i^xsr^zr.- Tr.e rondcT., pseudorandom, and defined sequence 
frzLTCwori: peptides arc produced from Hbranes of peptide librar)' members that comprise 
displayed peptides or displayed singie-ch^in aritibodics attached lo a poi>Tiucleolide 
template from which the displayed peptide was 5>Tilhesizcd. The mode of attachment 
25 may veiry according to the specific embodiment of the invention selected, and can include 
encapsulation in a phage particle or incorporaiion in a cell. 

A method of affinity enrichment allows a ver>' large library of peptides and 
single-chain antibodies to be screened ar.d the polynucleotide sequence encoding the 
desired pcptide(s) or single-chain antibodies to be selected. The po!)'nucleotide can then 
30 be isolated and shuffled to recom.bine combinatoriaily the amino acid sequence of the 
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selected pcptide(s) (or predetermined portions ihcrcoO or single-chain antibodies (or just 
VHI, VLI or CDR portions thereoQ. Using these nr^thods, one can identify a peptide or 
single-chain antibody as having a desired binding affinity for a molecule and can exploit 
the process of shuffling to converge rapidly to a ':"esired high-affiniiy peptide or scfv. 
5 The peptide or antibody can then be s>Tithesized in bulk by conventional means for any 
suitable use (e.g., as a therapeutic or diagnostic agent). 

A significant advantage of the present invention is that no prior information 
regarding an expected ligand structure is required to isolate peptide ligands or antibodies 
of interest. The peptide identified can have biological activity, which is meant to include 
1 0 at least specific binding affinity for a selected receptor molecule and, in some instances^ 
will further include the ability to block the binding of oiher compounds, to stimulate or 
inhibit metabolic pathways, to act as a signal or messenger, to stimulate or inhibit cellular 
activity, and the like. 

The present invention also provides a method for shuffling a pool of 
15 pol>Tiuclcotide sequences selected by affmit)- screening a library of polysomes displaying 
nascent peptides (including single-chain anlibodie^j for librarv' members which bind to 
a predetcrmmed receptor (e.g., a miammalin.n proteinaceous receptor such as, for 
cxam.ple, a peptidergic hormone receplor, a ceil surface rcccp:or, an intracellular protein 
which binds to other protein(s) to form ;r.::aceilular protein complexes such as hclcro- 
20 dimcrs and the like) or epitope (e.g.. ar, imrT-obiiized pro;cin, glycoprotein, oligosaccha- 
ride, ap.d- the like). 

Polynucleotide sequences selected in a ftr?* seicc'ion round (lypically by 
afr^miry selection for binding to a receptor (e.g., a ligand)) by any of these methods arc 
pooled and the pool(s) is^c shuffled by //: v::ro and/or in vivo recombinaiicn to produce 

25 a shuffled pool comprising a population or' rccombincd selected polynucleotide 
sequences. The recombincd selected pol;>nucleo*id'^ sequences are subjected to at least 
one subsequent selection round. The pc:;T.ucieoi: dc sequences selected in the 
subsequent selection round(s) can be used dircc-ly, sequenced, and/or subjected lo one 
or more additional rounds of shuffling and subsequeiii selection. Selected sequences can 

30 also be back-crossed with polynucleotide sequences encoding neutral sequences (i.e.. 
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having insubstantial functional effect on binding), such as for example by back-crossing 
with a wild-type or naturally-occurring sequence substantially identical to a selected 
sequence to produce native-like functional peptides, which may be less immunogenic. 
Generally, during back-crossing subsequent selection is applied to retain the property of 
5 binding to the predetermined receptor (ligand). 

Prior to or concomitant with the shuffling of selected sequences, the 
sequences can be mutagenized. In one embodiment, selected library members are cloned 
in a prokar>'otic vector (e.g., plasmid, phagemid, or bacteriophage) wherein a collection 
of individual colonies (or plaques) representing discrete library members are produced. 
10 Individual selected library members can then be manipulated (e.g., by sitc-dirccted 
mutacenests, cassette mutagenesis, chemical mutagenesis, PGR mutagenesis, and 'tTic 
like) to generate a collection of l\brar>' members representing a kcmal of sequence 
diversity based on the sequence of the selected, library member. The sequence of an 
individual selected library m.cmber or pool can be manipulated to incorporate random 
15 mutation, pseudorandom, mutaiion, defined ktrr.al mutation (i.e., comprising variant and 
invariant residue positions and/or comprising variant residue positions which can 
comprise a residue selected from a defmed subset of amino acid residues), codon-based 
mutation, and the like, ciihc: segmcn'ally or over the entire length of the individual 
seleclt^d l;brar>' member scqucnc;:. Tnc mutagenized selected library members arc then 
20 shufHcd by in vifro and/cr ir. vivo rccombinatorial shuffling as disclosed herein. 

I'he invention alsj pro'vides peptide Itbranes comprising a plurality of 
mdividual iibrar)' mem.bcrs orihc mvcntion, wherein (1) each individual library member 
of said plurality comprises a sequence produced by shufHing of a pool of selected 
sequences, ar,d (2) each mdividual [ibrar%' member comprises a variable peptide segment 
25 sequence or single-chain an:ibody segment sequence which is distinct from the variable 
peptide segment sequences or single-chain antibody sequences of other individual library 
m.embcrs in said plurality (although som.e library members may be present in more than 
one copy per library' due to uneven amplification, stochastic probability, or the like). 

The invention also provides a produci-by-process, wherein selected 
30 pol>'nucleotide sequences having (or encoding a peptide having) a predetermined binding 
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specificity arc formed by the process of: (I) screening a displayed peptide or displayed 
single-chain antibody library against a predetermirted receptor (e.g., ligand) or epitope 
(e.g., antigen macromolecule) and identifying and/or enriching library members which 
bind to the predetermined receptor or epitope lo produce a pool of selected library 
5 members, (2) shuffling by recombination the selected library members (or amplified or 
cloned copies thereof) which binds the predetermined epitope and has been thereby 
isolated and/or enriched from the library to generate a shuffled library^ and (3) screening 
the shuffled library against the predetermined receptor (e.g., ligand) or epitope (e.g., 
antigen macromolecule) and identifying and/or enriching shuffled library members which 
10 bind to the predetermined receptor or epitope to produce a pool of selected shufTlcd ■ 
library numbers. 

Antibody Display and S:rccning Methods 
The present method can be uszd to shuflic, by in vitro and/or in vivo 
recombination by any of the disclosed methods. ar.J i:i any combination, polynucleotide 

15 sequences selected by antibody display methods, wherein an associated polynucleotide 
encodes a displayed antibody which is screened for a phcnotvpc (e.g., for affmity for 
binding a predetermined antigen (ligand). 

Various molecular genetic approaches have been devised to capture the vast 
inrmunclogica! repertoire represented bv the extremely largt: number of distinct variable 

20 regions v/hich can be present in ixrrv^r.oglobjlm chains. The naturally-occurring germ 
line immunoglobulin heav)' chain locus is composed of separate tandem arrays of 
variable segment genes located upstream of a tandem array of diversity segment genes, 
which are themselves located upstream of a tandem ajiay of joining (i) region genes, 
which are located upstream of the constant region genes. During B lymphoc>lc 

25 development, V-D-J rearrangement occurs wherein a heavy chain variable region gene 
(VH) is formed by rcansuagemenl \o form a fvised 0 rer.meni followed by rearrangement 
with a V segment to form a V-D-J joined product ee:v: v/hich. if productively rearranged, 
encodes afunctional variable region (VH) of a heavy chain. Similarly, light chain loci 
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rearrange one of several V segments wiih one of several J segments to form a gene 
encoding the variable region (VL) of a light cha-n. 

The vast repertoire of variable regions possible in immunoglobulins derives 
in part from the numerous combinatorial possibilities of joining V and i segments (and, 
5 in the case of heavy chain loci, D segments) during rcamngement in B cell development. 
Additional sequence diversity in the heavy chain variable regions arises from 
non-uniform rearrangements of the D segments during V-D-J joining and from N region 
addition. Further, antigen-selection of specific B cell clones selects for higher affinity 
variants having non-germlinc mutations in one or both of the heav>' and light chain 
10 variable regions; a phenomenon referred to as "affinity maturation" or "affinity 
sharpening". Typically, these "affmiiy sharpcnmg" mutations cluster in specific areas 
of the variable region, most commonly in the complcmcntarity'detcnnining regions 
(CDRs). 

In order to overcome many of ihc Im^itations in producing and identifying 

15 high-affinity immunoglobulins through a?/.ir/-p.-slim'jia*ed B cell development (i.e., 
immunizaiion), various prokaryotic expression systems have been developed that can be 
madtpulatcd to produce combinaton^l antibod}' libraries which may be screened for 
high-affmity a:nibodics to specific an:!gcns. Reccnl advances in the expression of 
antibodies in Escherichia col) and bacteriophage systems (sec, "Alternative Peptide 

20 Display Methods", intla) have raised \r.z possibih'ty that virtually any specificity can be 
obtained by either cloning an:! bod;' ger.es from characterized hybridomas or by de novo 
selection using antibody gene libraries (e.g , from Ig CDNA). 

Combinatorial libraries of ar.li'Dodies have been generated in bacteriophage 
lambda expression systems %s'hich may be screened as bacteriophage plaques or as 

25 colonies of lysQgens (Huse et al. (19S9) Science 2-6: 1275; Caton and Koprowski (1990) 
Proc. Nat l. Acad. S ci. fU.S.A ) 87: 6450; Mulhr.ax et al (1 990) Proc. Natl. Acad. Sci. 
(U.S.A.) 87: 8095; Persson et al. (1991) Pro: Natl. Aca d. Sci. fTJ.S .A.l 88: 2432). 
Various embodiments of bacteriophage an::i:ody display libraries and lambda phage 
expression libraries have been described (Kang et al. (1991) Proc. Natl. Acad. Sci. 

30 (U.S.A.) 88: 4363; Oackson el al. (1991) Nature 352: 624; McCafferty et al. (1990) 



"^OnmsSi PCT/US97/n239 



- 50 - 

Nature 348: 552; Burton el a!. (1991) Proc. Natl- Acad. Sci. nJ.S.A ) 88: 10134; 
Hoogenboom et ai. (1 991) Nucleic Acids Res . i9: 4133; Chang et al. (1991) J. Immunol . 
147: 3610; Breltling et al. (1991) Gene 104: 147; Marks el al, (1991) J. Mol. Biol. 
222(a): 58 1 ; Barbai et aL (1 992) Proc. Natl. Acad. Sci. fU.S.A.) 89: 4457; Hawkins and 
5 Winter (1992) J. Immunol. 22: 867; Marks et al. (1992) Biotechnology 10: 779; Marks 
et aL(1992) J. Biol. Chem. 267: 16007; Lowman ct al (1991) Biochemistry 30: 10832; 
Lcrner et al. (1 992) Science. 258: 1313, incorporated herein by reference). Typically, a 
bacteriophage antibody display librar>' is screened with a receptor (e.g., pol>pcptide. 
carbohydrate, glycoprotein, nucleic acid) thai is immobilized (e.g., by covalent linkage 
10 to a chromatography resin to enrich for reactive phage by affmity chromatography) - 
and/or labeled (e.g., to screen plaque or colony lifts). 

One particularly advanlagcoos approach has been the use of so-called 
single-chain fragment variable (scfv) libraries (Marks et al. (1992) Biotechnoloev 10: 
779; Winter G and Milstcin C (1991) Nature 349: 293; Clackson et al. (1991) on. cit.: 
15 Marks et al. (1991) J. Mol. Biol. 222: 5S1: Chaidn:iry eta!. (1990) Proc Natl. Acad. 
Sci. qJSA) 87: 1066; Chiswcll el al. (1992) TIOTHCH 10: 80; McCafleny ci al. (1990) 
op-cit.; and Musion ct al- (1988) Proc. Ni;l Ac?.d. Sci. TUSA) 85: 5879). Various 
embodiments of scfv librarrjs dispiay::"! on bacteriophage coat proteins have been 
described. 

20 Dcgirjiing in 193S, single-:::;:!::- ar'^^logucs oiTv t"ragmcnts and their fusion 

proteins have been reliably generate:: antibody engineering methods. The first step 
generally involves obtaining the genes encoding VH and VJ. domains with desired 
bindmg properties; these V genes may be isolated from a specinc hybridoma cell line, 
selected from a combinatorial V-gsne liDrary, or rriade by V gene synthesis. The 

25 single-chain Fv is formed by copjiecting the component V genes with an oligonucleotide 
thai encodes an appropriately designed linker peptide, such as (Gly-Gly-Gly-Giy-Ser)3 
or equivalent linker peptidefs). The lird<cr bridge.s t:^e C-terminus of the first V region 
and N-lcnminus of the second, ordered :ls ei:her \'H-iinker-VL or VL-linker-VH' In 
principle, the scfv binding site can faithfully rcpiica:e both the affinity and specificity of 

30 its parent antibody combining site. 
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Thus, scfv fragments are comprised of VH and VL domains linked into a 
single polypeptide chain by a flexible linker peptide. After the scfv genes are assembled, 
they are cloned into a phagemid and expressed at the tip of the Ml 3 phage (or similar 
filamentous bacteriophage) as fusion proteins wiih the bacteriophage Pill {gene 3) coat 
5 protein. Enriching for phage expressing an antibody of interest is accomplished by 
panning the recombinant phage displaying a population scfv for binding to a predeter- 
mined epitope (e.g., target antigen, receptor). 

The linked polynucleotide of a library member provides the basis for 
replication of the library member after a screening or selection proceduns, and also 
10 provides the basis for the determination, by nucleotide sequencing, of the identity of the 
displayed peptide sequence or VH and V[. amino acid sequence. The displayed peptide 
(s) or single-chain antibody (e. g., scfv) and/or ils VH and VL domains or their CDRs can 
be cloned and expressed in a suitable expression system, often polynucleotides encoding 
the isolated VH and VL domains will be iigatcd to polynucleotides encoding constant 
15 regions (CH and CL) to form polynucleoiidcs encoding complete antibodies (e.g., 
chimeric or fully-human), antibody fragmenis. and the like. Often polynucleotides 
encoding the isolated CDRs will be grafted ir.io polynucleotides encoding a suitable 
variable region framework (and opiionally cor.5i2ni regions) to form polynuclcoiidcs 
encoding complete anlibodies (e.g., h'jman:zsd or fully-human), antibody fragments, and 
20 the like. Antibodies can usc:i to isolate preparative quantities of the antigen by 
irr.munoaffmity chromatography. Various other uses of such antibodies arc to diagnose 
and-^'or stage disease (e.g.. neoplasia ) ana for therapeutic application lo treat disease, such 
as for example: neoplasia, autoimjnune disease, AIDS, cardiovascular disease, infections, 
and the like. 

25 Various methods have been reponed for increasing the combinatorial 

diversity of a scfv library to broaden the repertoire of binding species (idiotype 
spectrum) Tne use of PGR has permitted the var.abic regions to be rapidly cloned either 
from a specific hybridoma source or as a rcre library from non-immunized cells, 
affording combinatorial diversity in the assorjT^en: of VH and VL cassettes which can 

30 be combined. Furthermore, the VH and VL ca3se;:cs can themselves be diversified, such 
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as by random, pseudorandom, or directed mutagenesis. Typically, VH and VL cassettes 
arc diversified in or near the complementarity-deiermining regions (CDRS), often the 
tliird CDR, CDR3. Enzymatic inverse PGR mutagenesis has been shown to be a simple 
and reliable method for constructing relatively iarge libraries of scfv' site-directed 
5 mutants (Siemmer et al. (1993) Biotechniques 14: 256), as has error-prone PGR and 
chemical mutagenesis (Deng et al. (1 994) J. Biol. Chem. 269: 953 3). Ricchmann et al. 

(1993) Biochemistry 32: 8848 showed semi-rational design of an antibody scfv fragment 
using site-directed randomization by degenerate oligonucleotide PGR and subsequent 
phage display of the resultant scfv mutants. Darbas et al. (1992) on.cit . attempted to 

10 circumvent the problem of limited repertoire sizes resulting from using biased variable, 
region sequences by randomizing the sequence in a synthetic CDR region of a human 
tetanus toxoid-binding Fab. 

CDR randomiziition has the potential to create approximately 1 x 1 0"'^ CDRs 
for the heavy chain CDR3 alone, and a roughly siriilar number of variants of the heavy 

15 chain CDRl and CDR2, and light chain CDRi-3 variants. Taken individually or 
together, the combination possibilities of CDR randomization of heavy and/or light 
chains requires generating a prohibitive number o:" bacteriophage clones to produce a 
clone library representing all possible con^.binations, the vast majority of which will be 
non-binding. Generation of such large nurr.bers o;' primary transformants is not feasible 

20 with cUiTcnt uansformation tcchnoIog;y' ar^ b2::c:iophagc display systems. For example. 
Barbas el al. (1992) op cii . only genera:ed 5 >; 10' transformants, which represents only 
a tiny fraction of the potential diversity of a hbrap,- of liioroughly randomized CDRS. 

Despite these substantial limitations, bacteriophage, display of scfv have 
already yielded a variety of useful anli'oodics and antibody fusion proteins. A bispecific 

25 single chain antibody has been shown to mediate eflicicni tumor cell lysis (Gruber et al. 

(1994) J, Immunol . 1 52: 5368). Intracellular expression of an anti-Rev scfv has been 
shown to inhibit HIV-1 virus replication in viiro (Duan c: at. (1994) Proc. Nat l. Acad. 
Sci. rUSA) 91: 5075), and inU^cellular express'cn oi'^an anli-p21rar, scfv has been shown 
to inhibrt meiotic maturation of Xcnopus oocv-tes (Biocca et al. (1993) Hiochem. 

30 Bioshvs. Res. Gommun . 197: 422. Recombina.n: scfv which can be used to diagnose 
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HIV infection have also been reported, demoastrating the diagnostic utiJiiy of scfv 
(Lilley el al. (1994) J. Immunol. Meth.. 171: 2i 1). Fusion proteins wherein an scFv is 
linked to a second polypeptide, such as a toxin o: fibrinolytic activator protein, have also 
been reported (Holvost ct al. (i 992) Eur. J. oiochess. 210: 945; Nicholls et al. (1993) J. 
5 Bio)- Chem. 268: 5302). 

ff it were possible to generate scfv libraries having broader antibody diversity 
and overcoming many of the limitations of conventional CDR mutagenesis and 
randomization methods which can cover only a very tiny fraction of the potential 
sequence combinations, the number and quality of scfv antibodies suitable for therapeutic 

10 and diagno.stic use could be vastly improved To address this, the in vitro and in vivo 
shuffling methods of the invention are used to rccombinc CDRs which have been 
obiaiaed (typically via PGR amplification or cloning) from nucleic acids obtained from 
selected displayed antibodies. Sucli di$pLiyc:i r^nibodics can be displayed on cells, on 
bacteriophage particles, on polysomes, or any s'.: .iblc antibody display system wherein 

15 the antibody is associated with its encoding p j:!:^:: 3cid(s). In a variation, the CDRs are 
iniciaily obtained from mRNA (or cDNA) frorr. aniibody-producing cells (e.g.. plasma 
ccll.v'splenoc)ics from an immunized wiid-iypc mcjsc, a hun\an, or a transgenic mouse 
capable 0.^" making a hiiman a.i::bo:^y as m \V092/0391S, W093/12227, and 
\V094.''25585), including hybridorr.^s derived ihercfrom. 

20 Polynucleotide scq'.;ence5 s^l:^c:cc \r. a selection round (typically by 

aitlnity selection for displayed ar.ti^ccy oir.Jing lo an antigen (e.g., a ligand) by any of 
these methods arc pooled and the pcol{s) iy'are sb'jffled by in viiro and'or in vtvo 
rccoTtbina'jon, especially snuiTimg of CD?o (typically shufning heavy chain CDRs with 
other heavy cham CDRs and light chain CDRs vs'ith o:her light chain CDRS) to produce 

25 a shuffled pool comprising a population of reccmbined selected polynucleotide 
sequences. The recombined selected poiyr^uelcoude sequences are expressed in a 
selection format as a displayed anlibod> subjected to at least one subsequent 
selection round. The polynucleotide sequ:;:::-i .selected in the subsequent selection 
round(s) can be used directly, sequenced. :i:vdo: subjected lo one or more additional 

30 rounds of shuffling and subsequent selec:io:i 'jr.til an antibody of the desired binding 



wo 98/01581 PCT/USm2239 



- 54 - 

affinity is obtained. Selected sequences can also be back-crossed with polynucleotide 
sequences encoding neutral antibody framework sequences (i.e., having insubstantial 
functional effect on antigen binding), such as for example by back-crossing with a human 
variable region framework to produce human-like sequence antibodies. Generally, 
5 during back-crossing subsequent selection is applied to retain the property of binding to 
the predetermined antigen. 

Alternatively, or in combination with the noted variations, the valency of the 
target epitope may be varied to control the average binding affinity of selected scfv 
library members. The target epitope can be bound to a surface or substrate at varying 
10 densities, such as by including a competitor epitope, by dilution, or by other method - 
knouTi to those in the an. A high density (valency) of predetermined epitope can be used 
to enrich for scfv library members which have relatively low affinity, whereas a low 
density (valency) can preferentially enrich for higher afilniry scfv library members. 

For generating diverse variable sec:ncnts. a collection of synthetic 
15 oligonucleotidLTS encoding random, pseudorandorTi, or a defined sequence kemal set of 
peptide sequences can be inserted by ligation in:o a predetermined site (e.g., a CDR). 
Similarly, the sequence diversity of one or more CDRs of the single-chain antibody 
cassetic(s) can be expanded by muiaung the CDR(5) with site-directed mutaecnesis, 
CDR-repl.-^.ccmcnt, and the like. Tlic resulian: DNA nolcculcs can be propagated in a 
2 : hos\ for cloning and ampliricaiion prior \ o shuffjing, or can be used directly (i.e.. may 
avoid loss of diversity which may occur upon propaca:ion in a host cell) imd the selected 
iibran/ members subsequently shuffled. 

Displayed peptide/polynucleotide complexes (library members) which encode 
a variable segment peptide sequence of interest or a single-chain antibody of interest arc 
25 selected from the libraT7 by an afTinity enrichmcni technique. This is accomplished by 
means ofa immobilized macromolecule or epitope specific for the peptide sequence of 
interest, such as a receptor, other macromolccu'e. or other epitope species. Repeating 
the aninit>' selection procedure provides an enrichrr.er.t of librar)' members encoding the 
desired sequences, wliich may then be isolated for pooling and shuffiing, for sequencing, 
30 and/or for further propagation and afTmily enrichment. 
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The librar)' members without the desired specificity are removed by washing. 
The degree and stringency of washing required will be determined for each peptide 
sequence or sing]e-chain antibody of interest and the immobilized predetermined 
macromolecule or epitope. A certain degree of control can be exerted over the binding 
5 characteristics of the nascent peptide/DNA complexes recovered by adjusting the 
conditions of the binding incubation and the subsequent washing. The temperature^ pH, 
ionic strength, divalent cations concentration, and the volume and duration of the 
washing will select for nascent peptide/DNA complexes within particular ranges of 
affmity for the immobilized macromolecule. Selection based on slow dissociation rate, 
10 which is usually predictive of high affinity, is often the most practical route. This may 
be done cither by continued incubation in the presence of a saturating amount of free 
predetermined macromolecule, or by increasing the volume, number, and length of the 
washes. In each case, the rebinding of dissociated nascent peptide/DNA or peptide/RNA 
complex is prevented, and with increasing lim:^, nascent pcptide/DN'.A. or pcptide/RNA 
15 complexes of higher and higher affmity are recovered. 

Additional modifications of the bindmg and washing procedures may be 
applied to find peptides with special characteristics. The afilnities of some peptides are 
dependent on ionic strength or cation ccnccnt.-Tition. This is a useful characteristic for 
peptides that wil) be used in affinity purification of various proteins when gentle 
20 conditions for removing the protein from the peptides are required. 

One variation ir.voivcs the use of multipie binding targets (multiple epitope 
species, multiple receptor species), sjch that a scfv librar/ can be simultaneously 
screened for a multipliciry of scfv which have different binding specificities. Given thai 
the size of a scfv library often limits the diversity of potential scfv sequences, it is 
25 t>'pica[ly desirable to us scfv iibrancs of as large a size as possible. The time and 
economic considerations of generating a number of ver>' large polysome scFv-display 
libraries can become prohibitive. To avoid V.\s substantial problem, multiple predeter- 
mined epitope species (receptor species) can be concomitantly screened in a single 
library, or sequential screening against a number of epitope species can be used. In one 
30 variation, multiple target epitopx: species, each encoded on a separate bead (or subset of 
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beads), can be mixed and incubated with a polysomc-display scfv library under suitable 
binding conditions. The collection of beads, comprising multiple epitope species, can 
then be used to isolate, by affinity selection, scfv library members. Generally, 
subsequent affinity screening rounds can incluue the same mixture of beads, subsets 
5 thereof, or beads containing only one or two individual epitope species. This approach 
affords efficient screening, and is compatible with laboratory automation, batch 
processing, and high throughput screening methods. 

A variety of techniques can be used in the present invention to diversify a 
peptide library or single-chain antibody librar>', or to diversify, prior to or concomitant 

10 with shuffling, around variable segment peptides found in early rounds of panning lo--- 
have sufficient binding activity to the predetermined macromolcculc or epitope. In one 
approach, the positive selected peptide/polynucleotide complexes (those identified in an 
early round of affmity enrichment) are sequenced :o d-Jterminc the identity of the active 
peptides. Oligonucleotides are then s>Tiihcsized based or. these active peptide sequences. 

15 employing a low level of all bases incorporated a: each step to produce slight variations 
of the primary oligonucleotide sequences. This mixture of (slightly) degenerate 
oligonucleotides is then cloned into ih;: variable segment sequences at the appropriate 
locations. This mc'.hod produces systema*.ic. co.'itrolled variations of the starting peptide 
sequences, which can then be shuOled. ll requires, however, that individual positive 

20 nascent pepiide/pol)T.ucleot:de con^plexcs be sequenced before mutagenesis, and thus 
is useful for expanding the d;vcrs::y of srr^.a*.! numbers of recovered complexes and 
selecting variants having higher binding afur.-.ty and/or higher binding specificity. In a 
variation, mutagenic PCR. amplitlcation cf positive selected peptide/polynucleotide 
complexes (especially of the variable region sequences, the amplification products of 

25 which arc shuffled in vitro and.^or in vivo and cne or more additional rounds of screening 
is done prior to sequencing. The same genera! approach can be employed with 
single-chain antibodies in order to expand the diversity and enhance the binding 
affinity/specificity, l>'picalty by diversifying CDRs or adjacent framework regions prior 
to or concomitant with shuffling. If desir^ed, shuiTiing reactions can be spiked with 

30 mutagenic oligonucleotides capable oHn vitro recQ:nbination with the selected library 
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members can be included. Thus, mixtures of synthetic oligonucleotides and PCR 
produced polynucleotides (synthesized by error prone or high-fidelity methods) can be 
added to the in vitro shuffling mix and be incorporated into resulting shuffled library 
members (shufflants). 

5 The present invention of shuffling enables the generation of a vast library of 

CDR-variant single-chain antibodies. One way to generate such antibodies is to insert 
synthetic CDRs into the singie-chain antibody and/or CDR randomization prior to or 
concomitant with shuffling. The sequences of the synthetic CDR cassettes are selected 
by referring to known sequence data of human CDR and are selected in the discretion of 

10 the prjciitioncr according to the following guidelines: synthetic CDRs will have at least 
40 percent positional sequence identity to Icnown CDR sequences, and preferably will 
have at least 50 to 70 percent positional scqut:nce identity to known CDR sequences. 
For example, a collection of synthetic CDR sequences can be generated by synthesizing 
a collection of oligonucleotide sequences on the basis of nalurally-occunring human CDR 

15 sequences listed in Kabat el al. (199 1) qd. cit ; the pool (s) of synthetic CDR sequences 
are calculated to encode CDR pcpiide sequences having at least 40 percent sequence 
identity to at least one known naiurallv-occurring humaii CDR sequence. Alternatively, 
a colleciion of naiuraily-occu.Ting CDR sequences may be compared to generate 
consensus sequences so that amino acids used at a residue position frequently (i.e., in a( 

20 least 5 percent of b^own CDR sccuer.ccs) arc incorporated into the synthetic CDRs at 
the corresponding po5ition(s). Tvpica!!), several (e.g., 3 to about 50) known CDR 
sequences are compared and obser\-ed naiura! sequence variations between the known 
CDRs arc tabulated, and a collection of oligoruclcolides encoding CDR peptide 
sequences encompassing all or most permutations of the observed natural sequence 

25 variations is sy-nihesized. For example but nol l^or hmUaiioa, if a collection of human VM 
CDR sequences have carboxy-termina! amino acids which are either T>t, Val, Phe, or 
Asp, then the pool(s) of s>Tithetic CDR oligonucleotide sequences are designed to allow 
the carboxy-icnninal CDR residue to ht any of these amino acids. In some embodi- 
ments", residues other than those which natura'.iy-occur at a residue position in the 

30 collection of CDR sequences are incorporated: conser\'alive amino acid substitutions arc 
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frequently incorporated and up to 5 residue positions may be varied to incorporate 
non-conservative amino acid substitutions as compared to known naturally-occurring 
CDR sequences. Such CDR sequences can be used in primary library members (prior 
to first round screening) and/or can be used to spike in vitro shuHling reactions of 
5 ielected library member sequences. Construction of such pools of defined and/or 
degenerate sequences will be readily accomplished by those of ordinary skill in the art. 

The collection of synthetic CDR sequences comprises at least one member 
that is not knoxvn to be a naturally-occunring CDR sequence. It is within the discretion 
of the practitioner to include or not include a portion of random or pseudorandom 

10 sequence corresponding to N region addition in the heavy chain CDR; the N region, 
sequence ranges from 1 nucleotide to about 4 nucleolides occurring at V-D and D-J 
junctions. A collection of synthetic heavy chain CDR sequences comprises at least about 
100 unique CDR sequences, typically at least about 1,000 unique CDR sequences, 
preferably at Isast about 10,000 unique CDR sequences, frequently more than 50^000 

15 unique CDR sequences; however, usually not rrs.:z than about 1x10 6 unique CDR 
sequences are included in the collection, akho'jgh cccasionaily 1 x 107 to 1 A' 108 unique 
CDR sequeuces are present, especially if conscr/alivc amino acid substitutions are 
p-miitled al posilions where the cop.scr.'aii vc amino acid substituent is not present or is 
rare (i.e.. less thn.n 0.1 percent) in that po;^;:inn in naluraliy-occurring human CDRS. In 

20 genera!, the nu/iiber of uniq'Je CDR :ts i.-^icluded in a library should no[ exceed 

[he expected number of prima.'^^' trar.sro."nar,:5 in the libr:J.7 by more than a factor of 10. 
Such sin^ie-chain antibodies generally bind ofabout at least 1 x 1 0 m-, preferably with 
an afTinity of about ai least 5x10 (superscript 7) M-1, more preferably with an affinity 
of al least 1x10 (superscript 8) M- 1 to 1 x 10 (superscript 9) M-l or more, sometimes 

25 up to 1 X 10 (superscnpi 10) M-l or more. Frequently, the predetermined antigen is a 
human protein, such as for example a human cc-l s\;:race antigen (c. g., CD4, CDS, lL-2 
receptor, EOF receptor, PDGF receptor), o:hc: :: :n-.?.n biological macromolccule (e.g., 
thrombomodulin, protein C, carbohydrate an'.i.;;::. sialyl Lewis antigen, Lsclectin), or 
nonhuman disease associated macromolccule (e ^ . b:icierial LPS, virion capsid protein 

30 or envelope glycoprotein) and the like. 
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High affinity single-chain antibodies of the desired specificity can be 
engineered and expressed in a variety of systems. For example, scfv have been produced 
in plants (Firek et al. (1993) Plant Mol. Bio!. 23: 861) and can ht readily made in 
prokaryotic systems (Owens RJ and Young RJ (1994) J. Immunol . Meth . 168; 149; 
5 Johnson S and Bird RE (1991) Methods Enzvmol 2Q3: 88). Furthermore, the single- -hain 
antibodies can be used as a basis for constructing whole antibodies or various fragments 
thereof (Kettleborough e[ al. (1 994) Eur. J. Immunol. 24: 952). The variable region 
encoding .sequence may be isolated (e.g., by PCR amplification or subcloning) and 
spliced to a sequence encoding a desired human constant region to encode a human 
0 sequence antibody more suitable for human therapeutic uses where immunogenicity is' 
preferably minimized. The poiynuctcotid£(3) having the resultant fully human encoding 
sequcncc(i;) can be expressed in a host cc!i (e.g., from an expression vector in a 
mammalian cell) and purified for pharmaceutical formulation. 

The DNA expression constructs uii; typically include an expression control 
5 DMA sequence opcrably linked lo the coding sequences, including naturally-associated 
or heterologous promoter regions. Preferably, the expression control sequences will be 
cukaryotic promoter systems in vectors capabic of iransfonning or transfccting 
cukaryotic host cells. Once !he vector has bt:cr: incorporated into the appropriate host, 
tRL- host is maintained under conditions suitable for high level expression of the 
0 nucleotide sequences, and ih^ co!!':c:;on and purincation of the mutant' "engineered" 
antibodies. 

As stated previously, the DNA sequences vvill be expressed in hosts after the 
sequences have been opcrably linked lo an expression control sequence (i.e., positioned 
to ensure the transcnption and translation of the structural gene). These expression 
5 vectors arc r)pically replicable in the host organisms either as cpisomes or as an integral 
part of the host chromosomal DNA. Commonly, expression vectors will contain 
selection markers, e^, tetracycline or nco.T.ycin, lo permit detection of those cells 
transformed with the desired DNA sequences [see, c^. U.S. Patent 4,704,362. which is 
incorporated herein by reference). 
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In addition to eukaryolic microorganisms such as yeast, mammalian tissue 
cell culture may also be used to produce the polypeptides of the present invention £see, 
Winnacker, "From Genes to Clones," VCH Publishers, N.i. N.Y, (mi), which is 
incorporated herein by reference). Eukaryolic cells are actually preferred, because a 
5 number of suitable host cell lines capable of secreting intact immunoglobulins have been 
developed in the art, and include the CHO cell lines, various COS cell lines, HeLa cells, 
myeloma celt lines, etc, but preferably transformed Bcclls or hybridomas. Expression 
vectors for these cells can include expression control sequences, such as an origin of 
replication, a promoter, an enhancer (Queen et al. (1986) Immunol. Rev. 89: 49). and 

1 0 necessary processing information sites, such as ribosome binding sites, RNA splice sites, 
polyadcnylalion sites, and transcriptional terminator sequences. Preferred expression 
control sequences are promoters derived from immunoglobulin genes, cytnmegatovims, 
SV40, Adenovirus, Bovine Papilloma Vims, and the like. 

Eukaryolic DNA transcription can be incrcp.sed by inserting an enhancer 

15 sequence into the vector. Enhancers are cis-acting sequences of between 10 lo 300 bp 
that increase transcription by a promoter. En^hanccrs can effectively increase transcrip- 
tion when cither 51 or 3 1 to the transcripiior. unii. They are also effective if located 
within an intron or wuhin the coding sequence iiself. Typically, viral enhancers arc used, 
includmg SV40 enhancers. c>tOf7^e2a!ovirj:i enhancers,, polyoma enhancers, and 

20 adenovirus enhancers. Enhancer secucr.ccs ::o- rp.anumalian systems are also corrimonly 
used, such as the mouse m^munoglob':!-. heavy chain enhancer. 

Mammaliar. cxprcsoion vector sys'.e-^s will also lypically include a seieclable 
marker gene. Examples of suitable -laikers include, the dihydrofolate reductase gene 
(DHFR). the ihymidme kinase gene (TK), or prokaryotic genes conferring drug 

25 resistance. The first two marker genes prefer the use of mutant cell lines that lack the 
ability to grow without the addition of th>Tnidine to the growth medium. Transformed 
cells can then be identified by their ability to grov/ on non-supplemented media. 
Examples of prokaryotic dnag resistance ger.es useful as markers include genes 
conferring resistance to G41S, mycophenolic ncid and hygromycin. 
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The vectors containing the DNA segnnenls of interest can be transferred into 
the host cell by well-known methods, dependi:ig on the type of cellular host. For 
example, calcium chloride transfection is commonly utilized for prokaryotic cells, 
whereas calcium phosphate treatment, lipofcclion, or electroporation may be used for 
5 other cellular hosts. Other methods used to Iransform mammalian cells include the use 
of Polybrcne, protoplast fusion, liposomes, electroporation, and micro-injection fsee, 
penerallv , Sambrook et al., supra) . 

Once expressed, the antibodies, individual mutated immunoglobulin chains, 
mutated antibody fragments, and other immunoglobulin pol>'pcptides of the invention 

10 can be purified according to standard pioccdurts of the art, including ammonium sulfate 
precipitation, fraction column chromatography, gel electrophoresis and the like (sec, 
generally . Scopes, R., Protein Purification. Springer- Vcrlag, N, Y, (1 982)). once purified, 
partially or to homogeneity as desired, the polyipeptides may then be used therapeutically 
or in developing and performing assay procedures, immunofluorescent stainings, and the 

15 like (sec, g enerally. Immunoloeical Methods . Vols, i and JJ, Eds. Le/kovjts and Pemis, 
Academic Press. New York. N.Y. (1979 and 19S1)) 

The antibodies generated by the method of the present invention can be used 
for diagnosis and therapy. By way of ill'jslration and not limitation, they can be used to 
treat cancer, autoimmune dist^ascs, or viral infections. For treatment of cancer, the 

20 antibodies will t^-pically bind to an ar.:ic:n cxp:cs3i:d preferentially on cancer cells, such 
as erbB-2, CEA, CD3j. and many o'.ncr antigens and binding members v;cll known to 
those skilled in the an. 

Yeast Two-fjvbrid Screening; Assays 

Shuffling can also be used to re:onibinatorially diversify a pool of selected 
25 library members obtained by screening a two-hybrid screening system to identify' library 
members which bind a predetermined po!;-7eplide sequence. The selected library 
members are pooled and shuffled by in viiro and-or in vivo recombination. The shuflled 
pool can then be screened in a yeast two hybrid s)'Stcm to select library members which 
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bind said predetermined polypeptide sequence (e. g., and SH2 domain) or which bind an 
alternate predetermined polypeptide sequence (e.g.. an SM2 domain from another protein 
species). 

An approach to identifying polypep'ide sequences which bind lo a 
5 predetermined polypeptide sequence has been to use a so-called "two-hybrid" syst'^m 
wherein the predetermined polypeptide sequence is present in a fusion protein (Chien et 
al. (1991) Proc. Natl. Acad. Sci. (DSA) 88: 9578). This approach identifies 
protein-protein interactions in vivo through reconstitution of a transcriptional activator 
(Fields S and Song 0 (1989) Nature 340: 245), the yeast Gal4 transcription protein. 

10 T>pically, the method is based on the propenies of the yeast Gal4 protein, which consists 
of separable domains responsible for DNA-binding and transcriptional activation. 
Polynucleotides encoding two hybrid proteins, one consisting of the ycasl Gal4 
DNA-binding domain fused to a pol>pcpiidc sequence of a known protein and the other 
consisting of the Gal4 activation domain fused lo a polypeptide sequence of a second' 

15 protein, arc constructed and inuoduced into a ycasi hosi cell, Intcrmolecular binding 
between the two fusion proteins reconstitutes the Gal4 DNA-binding domain with the 
Gal4 activation domain, which leads to the transcriptional activation of a reporter gene 
(e.g., lacz, HISS) which is operably Wrkzd to a Gal4 binding site. Typically, the 
tu'o-hybnd method is used to idennf/ novel polypeptide sequences which interact wiih 

20 a Lno'A-n protein (Silver SC and Hunt S Vv (1 993) Mol. Biol. Rco. 17: 155; Durfec et al. 
(1993) Genes Devel, 7; 555; Yang e: a! (19?2) Science 257: 6S0, Luban ct al. (1993) 
Cell 73: 1Q67; Hardy et alf 1992) Genes Devel. 6; 801 ; Barrel ct al. f 1 993) Biotechniques 
14: 920; ajid Vojtek et al. (1993) Cell 7^: 205). However, vanauons of the two-hybrid 
method have been used to identify mutations of a knowr. protein that affect its binding 

25 to a second known protein (Li B and Fields S (1993) FASEB J. 7: 957; Ulo et al 
(1993) Proc. Na:l. Acad. Sci. ajSA^ 90: 5524; Jackson et aid 993) Mol. Cell. Biol. 
Vh 2S99; and Madura ct al. (1993) J. Biol- Chem. 26S: 12046). Two-hybrid systems 
have also been used to identify interacting strjcturnl domains of two knowri proteins 
(BardwclLet al. (1993) med. Microbial . 8: 1177; Cha^<rabarty ct al. (1992) J. Biol. 

30 Chem. 267: 17498; Staudinger et al. (1993) J. Biol. Chem. 268: 4608; and Milne GT. 
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and Weaver DT ( ] 993) Genes Deve!, 7; 1 755) or domains responsible for oligomeriza- 
tion of a single protein (Iwabuchi et al. ri993) Oncogene 8; 1693; Dogerd et ah (1993) 
i- Viro[ . 67: 5C30). Variations of rvvo-hybrid systems have been used lo study the in vivo 
activity of a p.oteolytic enzyme (Dasmahapatra ct al. (1992) Proc. Natl. Acad. . Sci. 
-5 fUSA)89: 4159). Alternatively, an E. coli/BCCP interactive screening system (Germino 
et aJ. f 1993) Proc. Nal). Acad. Sci . rU.S.A.) 90: 933; Guarenie L (1 993) Proc. Natl. Acad. 
Sci . (U.S.A.) 90; 1639) can be used to identify interacting protein sequences {i,c., protein 
sequences which hctcrodimerize or fomi higher order heteromultimers). Sequences 
selected by a two-hybrid systern can be pooled and shuffled and introduced into a 
10 ivvo-hybrid system for one or mor? subsequent, rounds of screening to identify 
polypeptide sequences which bind to ths hybnd containing the prcdetemnined binding 
sequence. The sequences thus identified car. compared to identify consensus 
scqucnce(s) and consensus sequence kcrnals. 

in general, standard techniques o: recombination DKA technology are 
15 described in variou.s publications, e.g. Sair.br. . ci aL, I9S9, Molecular Cloning: A 
Laboratory' Manual, Cold Sprini; Harbor La::-'a:3r%'; Ausubel ct al., 19S7, Current 
Prolocols in Molecular Biolog)-. vols : 2r.c 2 a.-u sapplemcnts, and Bcrgerand Kimmcl, 
Methods i n ErLr^molo^j\\ Vol'jme 152. C]\::2c to Molecular Cl oning Technicrues (19S7). 
Academic Prcss. Ir.:,. Son Diegc, C.-.. :ach of which is incorporated herein in their 
20 cnfir-jly by reference. Po!yrva::co:!;:-: n'.Ddify^ng enr/mes were used according to the 
manLfaciurers rccommenda'.irr.s. O'.::cnuc!co;ides were synthesized on an Applied 
DiosysJcms Inc. Mode! 39- D.NA syn:nesizrr using ABJ cht^micals. If desired, PCR 
amplimers for amplifying a prcdetsr^r-.incd DN.A sequence may be selected at the 
discretion of the practitioner. 
25 The following non-limiting examples are provided to iliuslratc the present 

invention. 
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Example 1 

Generation of Random Size Polynucleotides Usin g U.V. Induced Photonroducts 

One microgram samples of template DNA are obtained and treated with U.V. 
light to cause the formation of dimers, including TT d;mers, particularly purine dimers. 
5 U.V. exposure is limited so that only a few photoproducts arc generated per gene on the 
template DNA sample. Multiple samples are treated with U.V. light for varying periods 
of time to obtain template DNA samples with varying numbers of dimers from U.V, 
exposure. 

A random priming kit which utilizes a non-proofreading polymcasc (for 
10 example, Prime-It II Random Primer Labeling kit by Stratagene Cloning Systems) is 
utilized to generate different size polynucleotides by priming at random sites on 
templates which are prepared by U.V, light (as described above) and extending along the 
templates. The priming protocols such as described in the Primc-It II Random Primer 
Labeling kit may be utilized to extend the primers. The dimers formed by U.V. exposure 
15 serve as a roadblock for the extension by the non-procfrcading polymerase. Thus, a pool 
of random size polynucleotides is present aAcr extension with the random primers is 
fmished. 

Example 2 

Isolation of Random Si7c Polvnuclcotidcs 

2 J Polynucleotides of interest which arc generated according to Example I arc 

arc gel isolated on a 1 .5% agarose gel. Polynucleotides in the 1 OOOOO bp range are cut 
out of the gel and 3 volumes of 6 M Nal is added to the gel slice. The mixture is 
incubated at 50 "C for 10 minutes and 10 ^il of glass milk (Bio 101) is added. The 
mixtun; is spun for 1 minute and the supernatant is decanted. The pellet is washed with 

25 500 \x\ of Colum.n Wash (Column Wash is 50% clhanol, lOmM Tris-HCl pH 7.5, 100 
mM NaCl and 2.5 mM EDTA) and spin for 1 rr.inutc, after which the supernatant is 
decanted. The washing, spinning and decanlip.g stops ;ire then repeated. The glass milk 
pellet is resuspcnded in 20^1 of H.O and spun for 1 rr,:;vJtc. DNA remains in the aqueous 
phase. 
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Example 3 

Shuffling of Isolated Random Size 10Q'3Q0bp Polynucleotides 
The 100-300 bp pol>Tiucleotides obtained in Example 2 are recombined in an 
annealing mixture (0.2 mM each dNTP, 2.2 mM MgCij, 50 mM KG, 10 niM Tris-HCl 
5 ph 8.8, 0.1% Tricon X-100, 0.3 \i] Taq DMA polymerase, 50 [i] total volume) without 
adding primers. A Robocycler by Slratagene was used for the annealing step with the 
following program: 95 for 30 seconds, 25-50 cycles of (95 "C for 30 seconds, 50 - 
60 ''C (preferably 58 ^C) for 30 seconds, and 72 "C for 30 seconds] and 5 minute^i at 72 
°C, Thus, the 100-300 bp pol>'nucleotides combine to yield double-stranded polynucleo- 
10 tides having a longer sequence. After separating out tiie reassembled double-stranded 
poKnucIeotides and denaoiring them to fnrm single stranded polynucleotides, the cycling 
is optionally again repeated with some samples utilizing the single strands as template 
and primer DNA and other samples utilizing random primers in addition to the single 
strands. 

15 Exam ple A 

Screening of Polypeptides from Shuffled Polyn ucleotides 

The polynucleotides of Example 3 arc separated and polypeptides are 
expressed thcreiiom. The original :empla:e DNA is utilised as a comparative control by 
obtaining comparative polypeptides ihcrefrom. Th," pciypeptides obtained from the 
20 shufHed polynucleotides of Exampic 3 are screened for the activity of the polypeptides 
obLiiincd trcm the original lemplaie and compared v.'iih ihz aciivity levels of the control. 
The shuffled polynucleotides coding for inleresifng polv-peptides discovered during 
screening arc compared funl^r for secondary desirable traits. Some shufiled polynucleo- 
tides corresponding to less interesting screened poi>peptide5 are subjected to reshuffling. 

25 As can be appreciated from the above descriplion, the present invention has 

a wide variery of applications. Vanations depaning from the scope and intention 

of the-prcsent invention will be readily appa::::: :o one of ordinary skill upon reviewing 
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the above. Such variations are expected to be within the ordinary skill of the average 
practitioner and are encompassed by the present invention. 
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WHAT IS CLAIMED IS: 

I . A method for producing mutant polynucleotides comprising: 

producing polynucleotides by blocking or interrupting a polynucleotide 
s>'nthesis or amplification process with a member selected from the group consisting of 
5 UV lights one or more DNA adducts. DNA intercalating agents^ DNA binding proteins, 
triple helix forming agents, competing transcription polymerase, chain terminators, and 
polymerase inhibitors or poisons, said member being capable of blocking or interrupting 
synthesis or amplification of a polynucleotide to provide a plurality of polynucleotides 
due to said polynucleotides being in various stages of synthesis or amplification, and 
10 subjecting said polynucleotides to an amplification procedure to amplify one 

or more of the polynucleotide or polynucleotides. 

2. A process for producing mu:an: pol>Tiucleoitdes by a series of steps 

comprising: 

(a) producing oligonucleotides by blocking or interrupting a polynucleotide 
15 synthesis or ampiification process with at least one member selected from the group 
consisting of UV light, one or more DNA adducts, DNA intercalating agents, chain 
temiinators, and'or polymerase inhibitors or poisons, wherein said member is capable of 
blccrJng or intemjpdng polvnucbolice s\Tithesis or amplificalion and provide a plurality 
orpol)7iuc)eotide5 due to their being in various stages of synthesis of amplificaUon. 
20 (b) denaturing the re5ul:ing single or double stranded oligonucieotides to 

produce a mixture of single-stranded polynucleotides, optionally sepavaling the 
polynuclsolides into polls of polynucleotides having various lengths, and futher 
optionally subjecting said polynucleoiides \o a priming and amplification procedure to 
amplify one or more oHgonuclcotides conipriscd by at least one of the polynucleotide 
25 pools; 

(c) incubating a pluraiit)' of said polynucleotides or at least one pool of 
said pol>Tiuclcotides with a pol>Tnerase under conditions which result in annealing of 
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said single-stranded polynucleotides at regions of identity between the single-stranded 
polynucleotides and formation of mutagenizcd double stranded pol>7iucleotide chian; 

(d) repeating steps (c) and (d); 

(e) expressing at least one mutant polypeptide from said polynucleotide chain, 
5 or chains; and 

(0 screening said at least one mutant polypeptide for a useful activity. 

3. A process according to claim 2, wherein said adduct is member selected from 

the group consisting of: UV light; (+>-CC- 1065; (+)-CC- 1065-(N3-Adenine); a N- 
acelylated or deacetyialed 4-nuro-4-aminobiphenyi adduct capable of inhibiting DNA - 

10 synthesis, or a N-acetylaled or deacctylatcd 4-aminobiphenyl adduct capable of 
inhibiting DNA synthesis; univalent chromium; a trivaJcnl chromium salt; a polycyclic 
aromatic hydrocarbon ("PAH") DNA adduct capoblc of inhibiting DNA replication, 7- 
bromomethyl-ben2[G]anihraccnc ("BMA"), iris;2.5'dibromopropyl)phosphate ("Tris- 
BP"); ],2-dibromo-3-chioropropane ("DBCP"). 2-b:c:r.3jcrolein (2BA); benzo[a)pyrene- 

15 7,8-dihydrodiol-9-10-cpoxide ("BPDE"); a p:a:ir/j:n(n) halogen salt; N-hydroxy'2- 
amino-3-methyiimidazo[4,5-/]-q'JinolinL-, N-hydroxy-2-amino- 1 -methyl-6- 
phc^yIimidazo[4,5-/]-py^idinc, DNA inierc2;2:ing agen:s, DNA bindmg proteins, triple 
helix forming agents, competing tran5:r:p::on polymerases, chain terminators, and 
polymerase inhibitors or poisons. 

20 4. A process according to claim 2, wherein said DNA ackiuci is a member 

selected from, the group consisting of UV iigh:, (+)-CC-1065 and e)-CC-l 065-CN3- 
Adenint:). 

5- A process according to claim 4, fur.hc: comprising heating said polynucleo- 

tides and removing the DNA adduct, or adducts fro::: :;?,:d pol>TiucIeotide or polynucleo- 
25 tide pools. 
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6. A method for expressing a polypeptide comprising producing a polynucleo- 
tide according to claim 2 and comprising the f^Jrther steps of cloning said polynucleotide 
into a vector or an expression vehicle and expres:ii;ig said pol>'peptide. 

7. A vector or an expression vehicle including a polynucleotide produced 
according to claim 2. 

8. A polypeptide comprising at least one sequence segment expressed from a 
polynucleotide produced by the method according to claim 2. 
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